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ABSTRACT 
The suspended cohesive sediments, mostly clay minerals with negative surface charges, usually 
interact through an array of intermolecular/surface forces (e.g., Coulomb force, van der Waals 
attractions, and hydrogen bonding) with waterborne organic matter (e.g., exopolymers) and dissolved 
salts, resulting in fractal, tenuous, and hybrid organic-inorganic flocs or “marine snow”. A pilot and 
systematic laboratory and theoretical work have been conducted towards a synthetic nanoscale 
understanding of the flocculation kinetics and mechanics of the clay-exopolymer micro-sized flocs. This 
systematic study has achieved two impressive objectives: (1) the effect of exopolymer polarity and 
concentration on the particle size kinetics of clay-exopolymer mixtures has been investigated, based on 
extensive flocculation experiments involving four clay minerals (i.e., kaolinite, illite, Na-
montmorillonite, and Ca-montmorillonite), three exopolymers (i.e., xanthan, guar, chitosan), six 
exopolymer to clay weight ratios (i.e., 0, 1, 2, 5, 10, and 20 wt.%), and three hydrodynamic conditions 
(i.e., laminar, transitional, and turbulent flows); (2) the floc mechanical properties affected by salinity 
and exopolymers have also been investigated by means of extensive floc nanocompression testing 
involving the four aforementioned clay minerals, four neutral exopolymer (guar) to clay weight ratios 
(i.e., 0, 2, 10, and 20 wt.%), and four salinities (i.e., 0, 2, 10, and 30 PSU). Results from flocculation 
experiments indicate that both the pure clay and clay-exopolymer mixture suspensions possess discrete 
particle groups consisting of primary particles, flocculi, microflocs, and macroflocs that exhibit 
subordinate unimodal lognormal distributions. There exists a critical exopolymer to clay ratio that can 
lead to a maximal or minimal fraction of microflocs or macroflocs. Meanwhile, the highly scattered floc 
mechanical properties led to the theoretical finding that both floc’s elasticity and yield shear strength 
satisfy Weibull’s Law. These findings are of great importance to geotechnical engineering. 
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CHAPTER 1. INTRODUCTION 
1.1 Background 
1.1.1 Clay-Exopolymer Interactions and Cohesive Sediments 
Fine-grained cohesive sediments are one of the major constituents of suspended particulate 
matter across nearly all types of natural waters, such as rivers, estuaries, and oceans (Black et al. 2002; 
Maggi 2005; Mehta et al. 1989). It mainly consists of different types of clay minerals, of which kaolinite, 
illite, and smectite are very abundant in aquatic environments as well as terrestrial soils. Compared with 
sand or other coarse-grained sediment, the transport of clay minerals is very complex and interesting, 
owing to their several distinct characteristics: 1) clay minerals usually have very small sizes of <2 m, 
typically in the colloid size range, hence the fully dispersed clay particles settle very slowly due to 
Brownian motion; 2) because of crystal defects and isomorphous substitutions, their surfaces are 
charged and hence chemically active with permanent negative charges on the face surface and pH-
dependent charges on the edge surface; this enables their interactions with other active or charged 
particulate matter as well as dissolved ions and molecules; and 3) their huge aspect ratio results in a very 
high specific surface area augmenting the aforementioned interactions occurring on clay surfaces. 
Another important constituent of suspended particulate matter in natural waters is the organic 
matter, which is also very complex and diverse with a huge array of types and species. It may be present 
in suspension, as in colloidal or true solution, depending on its origin, transformation mode, age, and 
existing environments (Black et al. 2002; Green and Blough 1994; Harris and Mitchell 1973). Among 
these different variations, exopolymers, or extracellular polymeric substances (EPS) is a particular type 
of organic matter secreted by microorganisms which mainly includes polysaccharides, proteins, and 
extracellular DNAs that are dispersed into the aqueous media upon biofilm maturation. These high 
molecular weight polymers generally consist of monosaccharides and some non-carbohydrate substitutes 
(e.g., acetate, phosphate) with side chains bearing different functional groups, such as -OH, -COOH, and 
-NH2, which render the EPS with different polarities (e.g., cationic, anionic, and neutral) and reactivity.  
As discussed above, most clay minerals and EPS possess charges or functional groups, hence in 
natural waters they tend to interact extensively, resulting in the formation of flocs. These interactions are 
very complex and highly dependent upon the types of EPS functional groups, clay surface properties, 
and the water chemistry (e.g., the types and concentrations of dissolved salts or ions). In fact, floc 
formation is controlled by the intermolecular and surface forces between the clay particles and EPS 
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molecules, including the van der Waals attractions, Coulomb forces, hydrogen bonding, and ion-dipole 
forces, among others. These clay-EPS interactions are further complicated by the water chemistry, clay 
surface’s electrical double layers, and associated clay-clay interactions (e.g., repulsion between two 
electrical double layers of same polarity and attraction between two electrical double layers of the 
dissimilar polarity) (Derjaguin and Landau 1993; van Olphen 1987; Verwey and Overbeek 1999). 
Furthermore, the geometrical conformation and length of EPS molecules also affect clay-EPS 
interaction; EPS molecules can act as the bridging agents connecting clay particles which are kept apart 
by electrical double layer repulsion (Harris and Mitchell 1973; Theng 1982). In other words, different 
parts (e.g., two side chains with functional groups) of a long linear EPS molecule can be attached via 
van der Waals attraction, hydrogen bonding, or Coulomb attraction to two different clay particles that 
are separated due to electrical double layer repulsion. If the EPS molecule length is more than two times 
the double layer thickness, the two clay particles can be bridged by the EPS molecule, forming a loosely 
associated floc. As a result, the size of formed clay-EPS flocs depends on both the interactions and the 
physical and chemical properties of the two types of constituents—clay minerals and EPS.  
1.1.2 Importance of Studying the Size Kinetics and Mechanics of Cohesive Sediments 
Flocculation or aggregation in natural waters occurs due to Brownian motion, differential settling, 
and collision, which is facilitated by the hydrodynamic forcing present in natural waters. It can lead to a 
change in the particle size distribution of the suspended cohesive sediments (Figure 1.1). Such a change 
is highly dynamic depending on the shear rate or the hydrodynamic flow energy of the water. If the flocs 
are strong enough to resist the shear stress induced by the fluid flow, further flocculation with an 
increase in the particle size can be expected. In contrast, if the flow shear stress exceeds the floc’s shear 
strength, floc breakdown with the particle size reduction should occur. Generally, studying the size 
kinetics and mechanics of the suspended cohesive sediments is of great importance in geophysical, 
biological, environmental, and remote sensing engineering, etc.  
Firstly, the particle size of cohesive sediments can affect the major sediment processes in natural 
water, including sediment transport, flocculation, and settling (Chen et al. 2005). For example, the floc 
settling-induced shear stress actually limits the terminal size of flocs via breakage, so the floc size also 
controls the settling velocity of the cohesive sediments (Kranenburg 1999; Winterwerp 1998). Owing to 
the flocs’ porous structure and resulting creeping flow through the floc pores, flocs settle in bigger order 
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of magnitude than the primary particles (Huang 1993) and solid particles of the same density and size 
(Neale et al. 1973).  
Secondly, after settling to the bottom, flocs are the major load-bearing units that make up the 
force-transmittal skeleton of the cohesive mud, which affect the subsequent compaction, consolidation, 
and dewatering of the bottom beds and the geotechnical and geophysical properties (Hermawan et al. 
2004; Hermawan et al. 2003). These processes also affect the erosion and re-suspension of the bottom 
beds that consist of settled flocs.  
Thirdly, these naturally occurring, EPS-bearing flocs play a vital role in influencing the estuarine 
environments, including adjusting organic matter content in natural waters, affecting ocean acidification 
by changing the CO2 level (Munn 2011), separating contaminants and dead organisms from water (e.g., 
Maximova and Dahl 2006), facilitating the ocean carbon cycles (e.g., Ploug et al. 1999), and even 
affecting the biosystem at the bottom bed (e.g., Fabricius et al. 2003). The floc stability in the natural 
waters is also a fairly important parameter in the solid/liquid separation techniques for the efficient 
removal of aggregated particles (Jarvis et al. 2005a). 
 
Figure 1.1. Flocculation in natural waters and the resultant particle size changes. 
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Finally, understanding of the cohesive sediment flocculation and floc mechanics is of great 
importance to remote sensing and optical processes in estuarine environments. For remote sensing, flocs 
affect the elastic and electromagnetic wave propagation and attenuation in the water column (Dunlop 
1988). For the optical process, flocs can alter the water column turbidity and light reflectance in a 
fashion different from the primary particles or pure water (Green and Blough 1994; Hatcher et al. 2001).  
Moreover, flocs in ocean sciences are the major source of “marine snow”, which is regarded as 
carriers of many nutrients and microorganisms, affecting the ecological and biological behavior of the 
entire ocean mass transport and energy transmission (i.e., nutrient transport) (Hill 1998). In summary, 
studying the size kinetics and mechanics of marine cohesive sediment flocs is closely relevant to many 
engineering applications including cohesive sediment transport, water bed consolidation and compaction, 
water treatment, aqueous bio-system, optical processes, and remote sensing in estuarine environments. 
1.2 Objectives 
Because flocculation and the resultant floc size distribution and stability in the natural waters 
have important engineering and environmental implications on natural aqueous systems, many published 
experimental and numerical studies on flocculation have recognized the important role of floc breakage 
in dictating the cohesive sediment transport (Dyer and Manning 1999; Jarvis et al. 2005b; Jarvis et al. 
2005c; Maximova and Dahl 2006). However, there is no systematic experimental study being conducted 
that focuses on how the clay mineral structure, clay layer charges, and the EPS polarity or functional 
groups affect cohesive sediment flocculation, the resultant particle size changes, and floc mechanical 
properties. Therefore, an experimental study was conducted to fill in this gap. Its overall objective is to 
understand the size kinetics and mechanics of cohesive sediments affected by EPS, EPS concentration, 
as well as the salinity. Work has been done on studying the particle size kinetics affected by the clay 
types, clay layer charges, EPS polarity, EPS concentrations, and hydrodynamic forcing in the aquatic 
environment. Meanwhile, the pilot designed, nano elastic-contact mechanics based experiments and 
statistical characterizations of the strength/force-deformation properties of the individual cohesive 
sediment flocs in salt waters have been developed to investigate the EPS concentration effect on the floc 
elastic behavior. 
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1.3 Dissertation Structure 
The dissertation has four major parts: 
 A brief introduction and literature review are addressed in Chapters 1 and 2, respectively; 
 The flocculation kinetics of the clay-exopolymer flocs are studied in detail in Chapters 3 
and 4. Chapter 3 focuses on the effect of exopolymer polarity and exopolymer to clay 
ratio on the flocculation kinetics in the laminar flow condition exclusively; Chapter 4 
focuses on how hydrodynamic forcing influences the particle size distribution in different 
flow conditions (i.e., laminar, transitional, and turbulent flows); 
 The mechanical properties of clay-exopolymer flocs are discussed in Chapters 5, 6 and 7. 
Chapter 5 introduces a state-of-the-art nano compression testing approach to investigate 
the mechanical properties of the tiny, soft materials, which is based on the Hertz elastic 
contact mechanics. Chapter 6 and 7 employs the developed method to study the elastic 
property and yield shear strength of the laboratory prepared clay-EPS flocs; 
 Conclusions of this dissertation are summarized in Chapter 8. Recommendations and 
future perspectives are also discussed in this chapter. 
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CHAPTER 2. LITERATURE REVIEW 
2.1 Clay-EPS Interactions in Dilute Aqueous System 
Clay minerals are ubiquitous in nature. Considering their layered microstructure, charged layer 
surface and extensive specific surface area, clay minerals interact with diverse polymers and exhibit 
notable variations in surface oxide hydration, polymer adsorption, steric stabilization, and flocculation 
properties. 
The specific surface sites dependent polymer adsorption behaviors play a fundamental yet vital 
role in initializing the clay-EPS interactions. The different affinities between polymer/clay-surface and 
polymer/solvent determine whether polymers in solution can accumulate at an interface or not. 
Adsorption occurs only when the polymer segments have a higher affinity for the specific surface sites 
than the solvent (Fleer and Scheutjens 1993). The polymer affinity is highly dependent on the specific 
surface sites properties. Different cations presented on surface significantly affect the polymer 
adsorption degrees. Gu and Doner (1992) conducted an experimental comparison on how illite surface 
cations affect the illite-saccharide interactions. They pointed out that the surface charge properties of 
clays and the presence of polyvalent cations in the system are important factors influencing the 
complexation between soil clays and organic constituents. For example, Na-illite adsorbed substantially 
higher amounts of the cationic polysaccharide but lower amounts of the anionic polysaccharide than 
hydroxyl-Al-illite. 
The direct result of polymer adsorption to surface site is the retarded surface hydration process 
(Peschard et al. 2004). Adsorption onto anhydrous particles could occur and protect surfaces from initial 
attack by water, and the interactions between polymer and surface site is restricted to adsorption 
(Peschard et al. 2006; Popova et al. 2004). Meanwhile, adsorption is also accompanied by drastic 
changes in the conformation of the polymer molecules, thus the polymer stabilities in the solution need 
to be taken into account when considering polymer adsorption (Fleer and Scheutjens 1993; Smith et al. 
2011). Smith et al. (2011) have examined the influence of saccharide on aluminate, silicate and 
aluminosilicate surfaces hydration properties. They stated that due to saccharides’ selectively adsorption 
behaviors and their degradation species, different saccharides have various but pronounced effects in 
inhibiting cation hydration by passivating hydration sites. Bishop and Barron (2006) also conducted 
experimental studies on sucrose, tartaric acid, and lignosulfonate effect on cement hydration inhibition. 
They also showed that sucrose inhibits cement hydration process by surface adsorption. 
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Once EPS is selectively and strongly adsorbed (e.g. sucrose) onto clay surfaces or a relatively 
high concentration of polymer is present in the solution, all particles are covered by a relatively dense 
polymer layer. When two such covered particles approach one another, the interpenetration of the 
polymer layers leads to steric stabilization (Fleer and Scheutjens 1993). In that situation colloidal 
systems may be stable under conditions where in the absence of polymer flocculation would occur, e.g., 
charged particles in aqueous solutions at high salt concentrations. Hence, depending on conditions, 
adsorbing polymer may cause attractive interaction (as in bridging flocculation) or repulsion (as in steric 
stabilization). Thereby particle size distribution in the clay-EPS mixture suspensions is highly 
influenced by the interactions between the two constituents. 
2.2 Methods for Measuring Clay-EPS Floc Size 
Several techniques are available for measurement of the flocculation kinetics of colloidal 
particles. Some of these give only global information on the state of flocculation; others give a detailed 
picture of the particle and floc size distribution. Ideally the monitoring technique should be suited to on-
line application without a sample pretreatment such as dilution (Sonntag 1993). 
2.2.1 Bulk Techniques 
Historically, microscopic examination of water samples was the primary way to determine 
overall particle concentration and to provide estimates of the distribution of particles within various size 
classes (Reynolds et al. 2010). A widely used procedure to follow flocculation kinetics is to monitor the 
turbidity as a function of time. For a given dispersion, the turbidity depends on the particle concentration 
and the light-scattering properties. This method is too labor-intensive to routinely analyze significant 
numbers of samples as a large number of individual particles within each sample need to be counted and 
accurately sized in order to generate a statistically valid particle size distribution (Reynolds et al. 2010). 
Another problem with this method is that it can only be used to measure the flocculation kinetics at low 
particle concentrations and the turbidity may not increase monotonously with the degree of aggregation 
(Sonntag 1993). Volume scattering is one of the most used bulk technique to measure flocculation 
kinetics (Sonntag 1993). This method measures the angular dependence of the scattered light from the 
whole ensemble of flocs and single particles. However, because the influence of enclosure and 
preservation artifacts varies from sample to sample, it is difficult to quantify and correct for such biases 
(Reynolds et al. 2010). Recently, the marriage of microscopy with digital image capture and processing 
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techniques have made counting and analyzing large numbers of particles more rapid and automated 
(Moore et al. 2009). 
2.2.2 Single-Particle Techniques 
In contrast to bulk techniques, single-particle techniques measure the size of single particles or 
individual floc that passes through a monitor widow. Electrical particle counting instrumentation, such 
as the Coulter and the Elzone counters, was first developed for medical applications and subsequently 
introduced into marine sciences in the 1960s (Sheldon and Parsons 1967). A Coulter counter is able to 
detect and size particles in an electrical conducting medium by changes of the electrical resistance. Then, 
the suspended particles in a conducting solution pass through a short capillary, the diameter of which 
may vary from 20-400 μm. The sensitivity of the apparatus depends much on the particle 
radius/capillary radius ratio (Sonntag 1993). This electrical impedance technique is generally accepted 
as a standard method of analysis for determining particle size distribution in aquatic systems. However, 
the major concern about this technique is that the Coulter counters require the presence of an electrolyte 
to provide electrical conductivity, which can influence the stability of the dispersion. 
Optical approaches for determining the PSD can potentially minimize some of these 
shortcomings. The basis of such techniques is that the light scattering properties of particles are highly 
size-dependent (Swithenbank et al. 1976). The technique is based on measurements of the small-angle 
light scattering by individual particles or flocs as they pass through the volume defined by the diameter 
of the laser beam and of the diameter of the particle stream. Light scattering measurements can be 
recorded from a single particle (Mackinnon 1993) or from an ensemble of particles in suspension 
(Andrews et al. 2010; Likos and Lu 2001), and some methods are amenable to in situ use without need 
for sample manipulation (e.g., Laser In Situ Scattering and Transmissometer) (Lee et al. 2012). 
Examples of these techniques include flow cytometry, flow ultramicroscopy, laser diffractometry, etc. 
Most of these approaches are based on optical models which utilize a mathematical inversion to estimate 
size from the observed scattering signal and thus rely on assumptions concerning certain particle 
properties, such as shape and refractive index. Significant limitations may result from these assumptions, 
especially for polydisperse assemblages of diverse aquatic particles (Reynolds et al. 2010). 
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2.3 Methods for Determining Floc Strength 
Two fundamental approaches have been reported in literatures in measuring floc strength: a 
macroscopic shear-based measure of the energy required in a system for floc breakage; and a 
microscopic approach that measures the inter-particle forces within individual flocs.  
2.3.1 Shear-Based Techniques 
Macroscopic measurement of floc strength includes all traditional hydrodynamic methods, 
including: (a) flocculation and floc breakup in an impeller-agitated chamber (Fitzpatrick et al. 2004; 
Matsuo and Unno 1981), (b) flocculation and floc breakup in a multigrider-agitated chamber (Bache et 
al. 1995; Tambo and Hozumi 1979), (c) settling in vibrating water column (Al Ani et al. 1991), and (d) 
floc breakup in converging/contraction flows (Blaser 2000; Kobayashi 2004). Table 2.1 has summarized 
the floc strength data reported in literatures using shear-based macroscopic approaches. 
Table 2.1. Floc strength determined from shear-based measurements. 
Method Floc size (μm) Floc strength (Pa) Reference 
Oscillating multigrid mixer 900 0.27 Bache et al. (1995) 
1100 
600 
1.0 
0.9 
(Bache et al. 1997) 
238 
182 
143 
120 
0.08 
0.16 
0.29 
0.42 
(Bache et al. 1999) 
Flat paddle impeller 60-500 
85-315 
80-550 
0.55-0.2 
0.45-0.01 
0.55-0.02 
(Li et al. 2006) 
Settling in vibrating water column 450-900 2.6-3.7 (Al Ani et al. 1991) 
Converging flow 10-50 
70-100 
0.3-0.4 nN
a 
4 nN
a 
(Kobayashi 2005) 
20-70 2 nN
a 
(Kobayashi 2004) 
a
 Data unavailable to normalize to Pa 
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From the summarized data, considerable differences in floc strength for different types of 
aggregates and different methods are present. Basically, most of these traditional hydrodynamic 
approaches employ an energy dissipation concept, and assumptions are proposed to empirically express 
the floc size and floc strength under shearing. Those assumptions are not sufficient to accurately 
measure the floc strength, especially the internal bondings inside flocs. 
2.3.2 Other Macroscopic Approaches 
Centrifugal force approach. Muhle and Domasch (1991) has used two cylinder tubes (one fixed 
outer, one rotated inner) to form a 4 mm (in width) gap to study the flocculation of particles and their 
strength in turbulent flow condition. By controlling the centrifugal forces, the floc strength is determined 
by recording the rotation rate where the attached aggregate is detached from the central substrate. 
Ultrasound approach. Ultrasonic technique is broadly used in wastewater treatment plants. The 
application of a controllable ultrasonic field to a floc suspension generates a pressure wave travelling 
through the medium with an amount of energy adsorption. The floc size after ultrasonic vibration at 
various power levels and duration times decreases to different values when a critical wave length is 
reached. In this approach, the floc strength is presented by the particle binding strength which is 
expressed as a function of the power of the ultrasonic field, the ultrasonic time and the floc size before 
and after exposure (e.g., Chu et al. 2001). 
2.3.3 Microscopic Approaches 
Unlike the traditional macroscopic techniques, the microscopic techniques are more direct 
measurement for evaluating the strength of flocs. These approaches study the floc strength in micro 
scale, and directly measure the breaking force required to pull apart or crush a single floc. The novel 
microscopic approaches include micro-manipulation, probing, and micro-compression. 
Micro-manipulation is “the execution of precise mechanical experiments on the micrometer scale” 
(Yeung and Pelton 1996). Figure 2.1 shows an illustrative description on how to use two glass suction 
pipettes to measure the flocs tensile strength by pulling it apart. This kind of technique provides a 
microscopic view to evaluate the floc strength directly by rupturing. However, the relationship between 
floc size and floc tensile strength needs to be further examined by other micro scale techniques due to 
the suction force introduced by floc holding using pipettes. 
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Figure 2.1. Micromechanical experiment on flocs using micro-manipulators (Jarvis et al. 2005; Yeung 
and Pelton 1996). 
 
The probing test is another micro scale manipulation technique to measure the strength of floc. 
Zhang et al. (1999) has used this technique to characterize the breaking force of latex particle aggregates. 
This micromanipulation method employs a force transducer to deform the single aggregate in 
suspension between the base (a glass slide) and a fiber optic probe (Figure 2.2). It can measure the 
sample size as small as 1 μm and breaking force as low as 1 μN. The breaking force of the floc is 
expressed as the sensitivity of the force transducer (49 μN/V), the voltage output and the baseline 
voltage of the force transducer. 
 
Figure 2.2. A schematic overview of the probing test (Jarvis et al. 2005; Zhang et al. 1999). 
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Micro-compression testing on flocs was developed by Glasgow (2003). Figure 2.3 illustrates the 
instrument he used to record the compressive force and aggregate volume change simultaneously during 
deformation on large flocs. The flocs or aggregates are compressed individually in a water-filled acrylic 
plastic cylinder where a neutrally buoyant piston is driven downwards upon the structure with a linear 
motion assembly. A deformation index (square root of projected area over aggregate height at any time) 
was defined to be related with the compressive force. 
 
Figure 2.3. A schematic overview of the probing test (Glasgow 2003). 
 
Table 2.2 has summarized the reported floc strength data from the aforementioned microscopic 
approaches. Significant discrepancy exists among these results. In fact, direct measurement of floc 
strength and deformation behavior is very challenging because of the tiny size of flocs and its extremely 
weak strength. 
Table 2.2. Floc strength estimates using a variety of microscopic methods. 
Method Floc size (μm) Floc strength (nN) Reference 
Micro-manipulation cantilever 40 
40 
6.4 
11 
Yeung and Pelton (1996) 
32 6929
a
 Poppele and Hozalski (2003) 
Micro-manipulation probing 2.5 
1.7 
5.3 
3.1 
Zhang et al. (1999) 
Micro-compression 3000-5000 39-50
a
 Al Ani et al. (1991) 
a
 Unit in Pa. 
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CHAPTER 3. PARTICLE SIZE KINETICS OF SUSPENDED COHESIVE 
SEDIMENTS AFFECTED BY EXOPOLYMERS 
3.1 Introduction 
Fine-grained cohesive sediments are one of the major constituents of suspended particulate 
matter in nearly all types of natural waters, such as rivers, estuaries, and oceans (Black et al. 2002; 
Maggi 2005; Mehta et al. 1989). It mainly consists of different types of clay minerals, of which kaolinite, 
illite, and smectite are very abundant in aquatic environments as well as terrestrial soils. Compared with 
sand or other coarse-grained sediment, the transport of clay minerals is very complex and interesting, 
owing to their several distinct characteristics: 1) clay minerals usually have very small sizes of <2 m, 
typically in the colloid size range, and hence the fully dispersed clay particles settle very slowly owing 
to Brownian motion; 2) because of crystal defects and isomorphous substitutions, their surfaces are 
charged and hence chemically active, with permanent negative charges on face surface and pH-
dependent charges on edge surface; this enables their interactions with other active or charged 
particulate matter as well as dissolved ions and molecules; and 3) their very large aspect ratio results in a 
very high specific surface area augmenting the aforementioned interactions occurring on clay surfaces. 
Another important constituent of suspended particulate matter in natural waters is organic matter, 
which is also very complex and diverse with a huge array of types and species. It may be present in 
suspension, as in colloidal or true solution, depending on its origin, transformation mode, age, and 
existing environments (Black et al. 2002; Green and Blough 1994; Harris and Mitchell 1973). Of all 
these different variations, exopolymers, or extracellular polymeric substances (EPS) are a particular type 
of organic matter secreted by microorganisms and mainly include polysaccharides, proteins, and 
extracellular DNAs that disperse into aqueous media upon biofilm maturation. These high molecular 
weight polymers generally consist of monosaccharides and some non-carbohydrate substitutes (e.g., 
acetate, phosphate) with side chains bearing different functional groups, such as -OH, -COOH, and -NH2, 
which render the EPS with different polarities (e.g., cationic, anionic, and neutral) and reactivity.  
As discussed above, most clay minerals and EPS possess charges or functional groups and hence 
in natural waters tend to interact extensively, resulting in the formation of flocs. These interactions are 
very complex and highly depend upon the types of EPS functional groups, clay surface properties, and 
the water chemistry (e.g., the types and concentrations of dissolved salts or ions). In fact, floc formation 
is controlled by the intermolecular and surface forces between clay particles and EPS molecules, 
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including van der Waals attractions, Coulomb forces, hydrogen bonding, and ion-dipole forces. These 
clay-EPS interactions are further complicated by the water chemistry, clay surface’s electrical double 
layers , and associated clay-clay interactions (e.g., repulsion between two electrical double layers of 
same polarity and attraction between two electrical double layers of dissimilar polarity) (Derjaguin and 
Landau 1993; van Olphen 1987; Verwey and Overbeek 1999). Furthermore, the geometrical 
conformation and length of EPS molecules also affect clay-EPS interaction; EPS molecules can act as a 
bridging agent connecting clay particles which are kept apart by electrical double layer repulsion (Harris 
and Mitchell 1973; Theng 1982a). In other words, different parts (e.g., two side chains with functional 
groups) of a long linear EPS molecule can be attached via van der Waals attraction, hydrogen bonding, 
or Coulomb attraction to two different clay particles that are separated due to electrical double layer 
repulsion. If the EPS molecule length is greater than two times the double layer thickness, the two clay 
particles can be bridged by the EPS molecule, forming a loosely associated floc. As a result, the size of 
formed clay-EPS flocs depends on these interactions as well as the physical and chemical properties of 
the two types of constituents—clay minerals and EPS.  
In general, flocculation or aggregation leads to a change in the PSD of suspended cohesive 
sediments. Such a change is also highly dynamic and depends upon the shear rate or the hydrodynamic 
flow energy of the water. If the flocs are strong enough to resist the shear stress induced by the fluid 
flow, further flocculation and an increase in particle size can be expected. In contrast, if the flow shear 
stress exceeds the floc’s shear strength, floc breakdown and particle size reduction should occur. 
Furthermore, floc settling-induced shear stress actually limits the terminal size of flocs via breakage, and 
floc size also controls the settling velocity of cohesive sediments (Kranenburg 1999; Winterwerp 1998). 
Considering the flocs’ porous structure and resulting creeping flow through the flocs’ pores, flocs settle 
faster than solid particles of the same density and size (Neale et al. 1973). Therefore, particle size also 
affects a few major sediment processes in natural waters, including sediment transport, flocculation, and 
settling (Chen et al. 2005). Furthermore, these naturally occurring, EPS-bearing flocs play a vital role in 
managing organic matter content in natural waters, affecting ocean acidification by changing the CO2 
level (Munn 2011), separating contaminants and dead organisms from water (e.g., Maximova and Dahl 
2006), facilitating ocean carbon cycles (e.g., Ploug et al. 1999), and even affecting the biosystem at the 
bottom bed (e.g., Fabricius et al. 2003).  
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Because flocculation or PSD has such important environmental implications on natural aqueous 
systems, many experimental and numerical studies on flocculation have been reported in literature and 
the important role of floc breakage in dictating cohesive sediment transport has been recognized (e.g., 
Dyer and Manning 1999; Jarvis et al. 2005a; Jarvis et al. 2005b; Maximova and Dahl 2006). However, 
there is a lack of systematic experimental studies focusing on how clay mineral structure, clay layer 
charges, and EPS polarity or functional groups affect cohesive sediment flocculation and the resultant 
PSD kinetics. Therefore, an experimental study was conducted to fill this gap. Its overall objective was 
to understand the PSD kinetics of cohesive sediments affected by EPS with a particular focus on the 
compositional variability. Sediments were studied, using four high-purity clay minerals representing 
naturally occurring cohesive sediments, including kaolinite, illite, Na-montmorillonite, and Ca-
montmorillonite. Compared with other real sediments in natural waters, these pure clay mineral samples 
usually have little or no impurities and their basic chemical and physical properties are well documented 
in literature. The high purity of these samples can help elucidate or isolate the major mechanisms of 
flocculation and particle size kinetics. Moreover, their chemical and physical properties determined by 
prior studies can be used for the interpretation of the experimental results obtained in this study. Finally, 
because of the extensive abundance of kaolinite, smectite, and illite in natural waters, results and 
conclusions of this study can be essentially generalized to most natural cohesive sediments. 
3.2 Materials and Methods 
3.2.1 Materials 
Four clays abundant in both terrestrial and marine environments, namely kaolinite, illite, Ca-
montmorillonite (Ca-mont), and Na-montmorillonite (Na-mont), were chosen as the model inorganic 
cohesive sediments to account for their compositional variability. Samples of the four clay minerals 
purchased from the US Clay Minerals Society (CMS) Source Clay Repository (Purdue University, 
Indiana, USA) are high-purity source minerals and have been well analyzed and widely used in many 
studies as reference clay minerals. Table 3.1 shows their geographic origin and basic properties. Of these 
four clays, kaolinite (KGa-1b), Ca-mont (STx-1b), and Na-mont (SWy-2) were supplied as dry powder 
and used without further preprocessing, while illite (IMt-1) was supplied as small rock chips. To obtain 
an equivalent powdery sample, the as-received illite chips was first hand-ground in a mortar and pestle 
and then wet-ground with ethyl alcohol in a McCrone micronizing mill (McCrone Accessories and 
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Components, USA) for 3 minutes, which typically results in a fine powder with particle sizes < 38 µm 
for most silicate minerals. 
Table 3.1. Origin and basic properties of the four clay mineral samples
a
. 
Name Origin Layer type Layer charge
b
 
SSA
c
 
(m
2
/g) 
Chemical formula 
Kaolinite 
Washington 
County, 
Georgia 
1:1 -0.03 10.05 
(Mg.02Ca.01Na.01K.01) 
[Al3.86Fe
3+
.02MntrTi.11] 
[Si3.83Al.17]O10(OH)8 
Illite 
Silver Hill, 
Montana 
2:1 -0.84 30.00
d
 
(Mg.09Ca.06K1.37) 
[Al2.69Fe
3+
.76Fe
2+
.06MntrMg.43Ti.06] 
[Si6.77Al1.23]O20(OH)4 
Ca-montmorillonite 
(Ca-mont) 
Gonzales 
County, 
Texas 
2:1 -0.34 83.79 
(Ca.27Na.04K.01) 
[Al2.41Fe
3+
.09MntrMg.71Ti.03] 
[Si8.00]O20(OH)4 
Na-montmorillonite 
(Na-mont) 
Crook 
County, 
Wyoming 
2:1 -0.28 31.82 
(Ca.12 Na.32 K.05) 
[Al3.01 Fe
3+
.41 Mn.01 Mg.54Ti.02] 
[Si7.98 Al.02] O20(OH)4 
a
 All data except those noted were from the US Clay Minerals Society Source Clay Data Sheets. 
b 
The layer charge is based per O5(OH)4 or O10(OH)2. 
c
 SSA = specific surface area. 
d 
Data from Celis et al. (1999).  
 
Two exopolymers, xanthan (NF Grade, Spectrum Chemical Manufacturing Corporation) and 
guar (Laboratory Grade, Fisher Scientific Inc.), were selected to simulate the organic EPS with different 
polarity in natural environments (Figure 3.1). The former is an anionic bacterial polysaccharide with a 
molecular weight of 0.9 - 1.6 × 10
6
 Da, depending on the bacterial strain and physiological environment 
used for production (Sutherland 1994). It is highly soluble, and this behavior is related to the 
polyelectrolyte nature of xanthan molecules ( arc  a-Ochoa et al. 2000). The latter, used as an EPS 
analog, is a neutral plant polysaccharide with a molecular weight of up to 2 × 10
6
 Da (Risica et al. 2005). 
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Both EPS can produce highly viscous solutions even at low concentrations ( arc  a-Ochoa et al. 2000; 
Milas et al. 1985). 
    
Figure 3.1. Chemical structure of (a) xanthan and (b) Guar. 
 
3.2.2 Sample Preparation 
 
Figure 3.2. The liquid circulation system in the Cilas particle size analyzer. 
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Aqueous clay-EPS suspensions were prepared for floc formation and subsequent particle size 
measurement. First, 0.2 g dry clay was soaked in 10 ml deionized (DI) water for >16 hours, and the 
suspension was transferred to the sample bath of a Cilas particle size analyzer (Figure 3.2), followed by 
disaggregation and dispersion by a built-in pedal-like stirrer inside the sample bath at a fixed speed of 
180 rpm. Second, the EPS solution was prepared by slowly adding a pre-determined amount of EPS 
powder into 50 ml DI water, which was continuously agitated by a magnetic stirrer to aid dissolution. 
Sufficient time (e.g., >30 minutes) of stirring was allowed to ensure complete EPS dissolution and 
obtain a final, homogeneous solution. Third, the prepared EPS solution was slowly added to the sample 
bath where the clay suspension was being stirred to achieve a complete mixing of clay and EPS. Finally, 
the sample bath was filled to capacity with additional DI water so that the total volume of the final clay 
suspension was 500 mL. This results in a suspension with a clay concentration of 0.4 g/L. Flocculation 
of suspended clay particles and EPS molecules took place in the PSA’s bath where, collisions of clay to 
clay and clay to EPS molecules continuously occurred while stirring. The pre-designed EPS to clay ratio 
(E/C) ranged from 0, 1, 2, 5, 10, and 20% by weight, corresponding to the EPS concentration of 0, 0.004, 
0.008, 0.02, 0.04, and 0.08 g/L in the final mixture suspension, respectively. Therefore, 4 types of clays 
and 2 types of EPS were studied at a fixed clay concentration of 0.4 g/L and 6 aforementioned EPS 
concentrations, resulting in a total of 48 clay-EPS suspensions being analyzed. 
3.2.3 Particle Size Measurements 
The PSDs of the clay-EPS suspensions were characterized in a Cilas® 1190 laser particle size 
analyzer (PSA) (Cilas Particle Size, Madison, WI, USA) in the wet mode (Swithenbank et al. 1976), 
which has a closed-loop liquid dispersion and circulation system (Figure 3.2). To prevent undesired 
settling and establish equilibrium between floc formation and breakdown, the mixture suspension was 
continuously agitated by the built-in pedal-like stirrer at a constant speed of 180 rpm. Meanwhile the 
suspension was circulated by a peristaltic pump in the PSA’s circulation system, while the PSD was 
continuously monitored by three laser beams. The pump speed was fixed at 30 rpm, resulting in an 
average flow velocity of 150 mm/s, equivalent to a Reynolds Number (Re) of 961 or laminar flow in the 
recirculating pipes. Sufficient time (approximately 10-15 minutes) was allowed for the circulated 
suspension to reach an equilibrated state (i.e., no further change in the measured PSD even for 
prolonged circulation). Once the equilibrium was established, three separate PSD measurements were 
then performed and the averaged results were reported as the PSD data.  
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3.2.4 Quantitative Analysis of PSDs 
The measured particle or floc size was defined as the diameter of equivalent spheres estimated 
based on the volume moment mean value or De Brouckere mean diameter of all the particles within a 
given size range. The formula is: 
 





3
4
nl
nl
nV
nVl
d  (3.1) 
where d is the mean diameter of all particles or flocs within a given size range, n is the number of 
particles or flocs at a fixed size within that size range, and V and l are the volume and equivalent sphere 
diameter of a particle or floc of a fixed size within that range, respectively. 
Quantitative analysis of size-discrete particle groups was performed by statistical deconvolution 
of the experimental PSD data, including both cumulative distribution function (CDF) and histograms or 
probability density function (PDF) curves. Experimental PSD histograms pi (i = 1, 2, …, N
bins
, where 
N
bins
 is the number of size ranges or statistical bin width) were provided directly by the Cilas PSA. 
Noteworthy is that each size range or bin width (i.e., di+1 – di) varies with the mean size d because the 
PSD histogram is plotted against d in a logarithmic scale (i.e., logd). The concept of PSD multimodality 
was applied to the histogram to divide them into N
group
 discrete size groups according to the observed 
peaks in the histogram (e.g., as discussed later, primary particles, flocculi, microflocs, and macroflocs). 
Each discrete particle group accounts for a percentage or fraction, Aj (j = 1, …, N
group
), of the total 
number of particles in a suspension. As such, Aj is the total area under a peak in the PSD histogram. 
The deconvolution of PSD curves into discrete particle groups represents the process of finding 
N
group
 individual PDFs for each size group. By assuming a unimodal lognormal distribution (Lee et al. 
2012; Mikkelsen et al. 2006), the PDF for each size group can be written as: 
 
groupbins
d
j
jjj NjNie
d
df j
j
,,1;,,1,
2
1
),;(
2
2
2
)(ln
2
 




  (3.2) 
where μj and σj are the mean and standard deviation of the particle size’s natural logarithm, ln(d), in the 
j-th size group. Accordingly, the expected mean diameter E[d] and its standard deviation s.d.[d] for each 
size group can be expressed as: 
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The overall PDF for all particle size groups is then: 
 


groupN
j
jjjj dfAdf
1
),;()(   (3.5) 
Individual lognormal distributions were found by minimizing the following error function 
between the experimental PDFs and the computed lognormal multimodal PDFs: 
 


binsN
i
ii dfp
1
2)]([min  (3.6) 
The minimization procedure is based on the criterion that satisfies the condition: 
 0,1
1


j
N
j
j AA
group
 (3.7) 
Furthermore, to ensure that different size groups have sufficient contrast in size, and thus to 
minimize the overlap of two neighboring distributions, the optimization process is additionally 
constrained by: 
 
group
jj Nj ,,2,0 1     (3.8) 
3.3 Analysis of Results 
3.3.1 Typical PSD Curves 
Figure 3.3 shows four randomly selected, typical PSD from the 48 analyzed sample suspensions. 
For the pure kaolinite (Figure 3.3(a)), the PDF curve exhibits a bimodal distribution with two peaks 
centered at 2-3 and 20 m, respectively. For the other three clay-EPS suspensions (Figure 3.3(b)-(d)), 
the PDF curves consist of multiple, nearly isolated peaks, with particle sizes ranging from ~0.05 to ~500 
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m. Moreover, all subordinate peaks lave a normal distribution in the semi-logarithmic plot. Therefore, 
all PSD curves were further analyzed using the above statistical deconvolution method to quantify the 
mean diameter, standard deviation, and population fraction of the particle groups corresponding to 
different peaks in the PDF curves. 
 
  
Figure 3.3. Example curves showing the multimodality of PSD of clay minerals and clay-EPS mixtures: 
(a) pure kaolinite; (b) kaolinite and xanthan at an E/C = 5%; (c) kaolinite and guar at an E/C = 5%; and 
(d) illite and guar at an E/C = 5%. 
 
According to previous work (Lee et al. 2012; Mikkelsen et al. 2006), suspended particulate 
matter in natural waters such as coastal zones typically exhibits multimodal PSDs that can be further 
decomposed into subordinate, multiple particle groups, each of which possesses a lognormal PDF that 
can be used to quantify its percentage (e.g., in terms of volume or population of all particles). 
Conceptually, these size groups consist of macroflocs, microflocs, and single-grain fraction (Eisma 
1986), and the last group, single-grain fraction, can be further subdivided into flocculi and primary 
particles (van Leussen 1994) (Figure 3.4). In natural environments, primary particles consist mostly of 
fine-grained particles with a size range of typically 0.25-7 µm, including clay minerals, organic and 
calcareous particles, picophytoplankton, and heterotrophic bacteria (Andrews et al. 2010). Flocculi, a 
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(b) Kaolinite-xanthan (5%)
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(c) Kaolinite-guar (5%)
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compound word of floc and nuclei (van de Ven and Hunter 1977), consist of strongly bound primary 
clay particles with a face-to-edge association via Coulomb attraction and have a size of typically 10-30 
µm (Lee et al. 2012). Flocculi are the smallest but the densest clay-based flocs. They are rarely broken 
down to the lower level primary particles even at the highest turbulent shear (van de Ven and Hunter 
1977), and therefore may be regarded as a basic and major building unit of flocs (van Leussen 1994). 
Microflocs consist of flocculi and primary particles with a size range of 30-200 µm. Macroflocs are built 
up from microflocs, primary particles, and flocculi, and have a size range of hundreds to thousands of 
micrometers.  
This study further demonstrates that laboratory-prepared pure clay and clay-EPS mixture 
suspensions also exhibit similar multimodal lognormal PSDs. For instance, suspended pure kaolinite at a 
concentration of 0.4 g/L forms two discrete particle groups: 0.8-7 μm primary particles and 8-40 μm 
flocculi (Figure 3.3(a)). Adding 5% EPS to the suspension results in two additional particle groups: 30-
150 μm microflocs and 150-500 μm macroflocs (Figure 3.3(b)-(c)).  
 
Figure 3.4. Schematic illustration of four different particle groups (i.e., primary particles, flocculi, 
microflocs, and macroflocs) identified by the statistical deconvolution of the PSD of clay-EPS mixtures. 
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3.3.2 Pure Clay PSDs 
Figure 3.5 compares the PSD curves of the four pure clay minerals at a concentration of 0.4 g/L, 
which serve as the baseline data for EPS-induced flocculation. In general, all four clays exhibit 
multimodal PDF curves. Kaolinite has two peaks corresponding to primary particles and flocculi, 
respectively. For illite and Na-mont, a third peak represents smaller primary particles of 0.05-0.5 m in 
addition to the first two peaks corresponding to primary particles and flocculi. For Ca-mont, a fourth 
peak centered at ~46 m also exists, indicating the formation of relatively larger microflocs. Results of 
the deconvolution analysis of each particle group (i.e., primary particles, flocculi, and microflocs) are 
summarized in Table 3.2. Flocculi made a significant contribution to the total particle population in 
these suspensions. Making up > 90% of the total number of particles, flocculi are the key components in 
suspension for kaolinite. There are two possible reasons for the absence of < 0.5 µm, relatively small 
primary particles: (1) this kaolinite sample itself lacks these smaller particles, or (2) smaller primary 
particles aggregate up to form larger flocculi or become attached to the surface of larger ones because 
the net negative charge on kaolinite surface is so small (Table 3.1) that face-face repulsive force cannot 
counterbalance the face-edge attraction and van der Waals attractions. For illite with the highest net 
surface charges (Table 3.1) among the four clay minerals, high electrostatic repulsion can prevent 
particles from approaching each other, resulting that a considerable percentage of primary particles stay 
separated. Thus flocculi account for ~70% of the total number of suspended particles, while the rest is 
primary particles of two different size groups. For the two montmorillonites, Ca-mont particles tend to 
aggregate to form both flocculi and microflocs, while Na-mont only forms flocculi. Only flocculi and 
primary particles exist in the Na-mont suspensions with a fraction of 58% and 42%, respectively. In 
contrast, primary particles only make up 10% in the Ca-mont suspension, and the rest 90% is flocculi 
and microflocs.  
Furthermore, the CDF plot (Figure 3.5(a)) of these PSDs suggests that the d50 (i.e., the median 
size) of these samples increases from Na-mont, to illite, to Ca-mont, and to kaolinite. However, using 
d50 only cannot yield a more detailed discrete size structure of these pure clay minerals in suspension or 
the fraction of each size group. In summary, formation of clay flocculi and microflocs can take place in 
pure clay suspensions, thus reducing the fraction of primary clay particles.  
Clay particles in suspension possess a negative electrical double layer on face surface owing to 
its permanent negative charges. On the other hand, the edges of clay particles have pH dependent 
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charges due to broken Al-O and Si-O bonds. In neutral and acidic solutions, a positive electrical double 
layer forms on edge surface (van Olphen 1987). Although the negative electrical double layer dominates 
the whole particle behavior, a positive electrical double layer on edges can significantly affect clay 
flocculation and hence the stability of clay suspension, since edge-to-face association of clay particles 
results from the electrostatic attraction between the two oppositely charged surfaces. This is the main 
reason why flocculi form and further make up a major fraction of these pure clay suspensions. 
  
Figure 3.5. The PSD curves of the four clay mineral samples: (a) cumulative distribution function (CDF); 
and (b) probability density function (PDF). 
 
Table 3.2. Summary of the mean size and fraction of different particle groups in pure clay mineral 
suspensions. 
Mineral 
Primary particles  Flocculi  Microflocs 
E[d] 
(µm) 
Fraction 
(%) 
E[d] 
(µm) 
Fraction 
(%) 
E[d] 
(µm) 
Fraction 
(%) 
 
E[d] 
(µm) 
Fraction 
(%)  
E[d] 
(µm) 
Fraction 
(%) 
Kaolinite 
    
3.40 7.73  24.47 91.43 
  
Illite 0.24 2.55 0.35 2.69 3.31 26.74  13.66 69.85  
  
Ca-mont 
  
0.33 1.35 3.75 9.03  15.51 56.35  46.14 33.67 
Na-mont 
  
0.51 0.65 2.54 57.31  14.23 42.05  
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3.3.3 Effect of Xanthan 
Figure 3.6 and Figure 3.7 compare the effect of xanthan at different E/C on the PSD of the four 
clay minerals. The PSD of kaolinite is very sensitive to the addition of xanthan and hence deserves a 
more detailed quantitative analysis (Figure 3.6 and Figure 3.7(a)). The effect of xanthan on the PSD of 
the other three clays, illite, Na-mont, and Ca-mont, is not significant, therefore their results are 
summarized all together in only one figure, Figure 3.7(b)-(d). 
As shown in Figure 3.6(a), the fraction of primary particles changes insignificantly with the E/C 
of 0 to 20%. However, the other three particle groups, flocculi, microflocs, and macroflocs, change their 
fraction dramatically with the E/C. The fraction of flocculi decreases dramatically from ~90% to 10% as 
the E/C increases from 0 to 1% and then increases gradually. The percentage of microflocs increases 
gradually when the E/C increases from 0 to 10% and then decreases at 20% E/C. Macroflocs are absent 
in the kaolinite suspensions with 0 and 10-20% E/C, but its fraction reaches a maximum of ~75% at the 
E/C of 1%. It then decreases almost linearly to 0 as the E/C increases from 1 to 10%. Such quantitative 
data of different size groups suggest that: (1) the fraction of primary particles is not sensitive to the 
addition of xanthan, no matter what concentration; (2) microflocs and, if present, macroflocs are mainly 
formed through the aggregation of flocculi, especially at the E/C of 1-10%; (3) although xanthan can 
cause the aggregation of flocculi to form larger flocs, too high of an E/C may lead to the opposite effect, 
i.e., breaking the macroflocs and microflocs into the original flocculi. Therefore, based on the 
experimental data, the optimal xanthan E/C that can result in more microflocs or macroflocs range from 
1-10%. 
  
Figure 3.6. Effect of xantan on the PSD kinetics of kaolinite at varying E/C. 
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As shown in Figure 3.6(b) where the vertical axis is in logarithmic scale, the variations of the 
mean size of each particle group with the E/C is noteworthy. The mean size of primary particles group 
remains within 3.4-6.0 μm, while that of macroflocs group is a constant of 260 μm. The mean size of the 
other two particle groups, flocculi and microflocs, varies slightly with the E/C, but their difference is 
still remarkable (i.e., 20-30 μm for flocculi vs. 60-100 μm for microflocs). Overall, the mean size of all 
four particle groups does not change significantly with the xanthan E/C. 
As shown in Figure 3.7(b)-(d), adding xanthan at the studied E/C of 0-20% has little influence on 
the PSDs of illite, Na-mont, and Ca-mont. Such dramatically different response of kaolinite and the 
other three clays to xanthan can be attributed to their surface charge characteristics, which is further 
discussed later. 
 
  
Figure 3.7. Effect of xantan on the PSD of kaolinite, illite, Ca-mont, and Na-mont at selected E/C. 
 
3.3.4 Effect of Guar 
Figure 3.8 shows the deconvoluted quantitative PSD data (i.e., including both the fraction and 
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in the PSD caused by guar can be observed: (1) the fraction of macroflocs initially remains 0% (at the 
E/C = 0-1%), then increases rapidly at the E/C = 1-5%, and finally reaches a constant at the E/C > 5%; 
(2) a dramatic increase in microfloc population is induced at the E/C = 1%, and then a nearly steady 
fraction is reached when the E/C > 2%; (3) the flocculi fraction decreases dramatically at the E/C = 1%, 
and then keeps nearly constant for the E/C > 2%; (4) the fraction of primary particles remains nearly 
constant, at 1-2%. According to Figure 3.8(b), the mean size of each particle group is also nearly 
constant. In summary, for kaolinite at low E/C (e.g., ~1%), guar causes a dramatic increase in the 
fraction of microflocs that are formed nearly exclusively by flocculi but not so much by primary 
particles. At high E/C (e.g., > 2%), macroflocs form by combining primarily microflocs and secondarily 
flocculi. When the E/C is > 5%, the change in macrofloc, microfloc, and flocculi fractions is very small, 
indicating that the E/C of 5% may be a critical value for the flocculation and PSD kinetics of kaolinite. 
  
Figure 3.8. Effect of guar on the PSD kinetics of kaolinite at varying E/C. 
 
Figure 3.9 shows the deconvoluted PSD results for illite and guar mixtures. Interesting is the 
absence of macroflocs for the entire range of examined E/C (i.e., 0-20%). In addition, the following 
features are obvious: (1) microflocs form only at the E/C > 2%, and then their fraction increases 
gradually with the E/C in a trend indicating that it can still increase further at E/C > 20%; (2) flocculi 
population decreases gradually with the E/C; (3) two primary particle groups are present: while the 
fraction of the finer primary particle group remains nearly constant, the coarser primary particle group’s 
fraction decreases gradually with the E/C. From Figure 3.9(b), each particle group’s mean size is nearly 
constant, i.e., it is not affected by the E/C. Based on these observations, it can be concluded that adding 
guar to illite mainly induces the flocculation of flocculi and coarser primary particles to form microflocs 
but no macroflocs.  
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Figure 3.9. Effect of guar on the PSD kinetics of illite at varying E/C. 
 
Figure 3.10 shows the deconvoluted PSD results for Ca-mont and guar mixtures. An interesting, 
unique phenomenon is that the fraction of all particle groups changes linearly with the E/C when it is 
<2%; while the fraction of primary particles, flocculi, and microflocs all decreases, that of macroflocs 
increase. When the E/C is > 2%, the population of microflocs increases, while the other three groups, 
primary particles, flocculi, and macroflocs, decrease slowly. Noteworthy is that microflocs can form 
without the addition of guar. Therefore, the PSD kinetics of the guar and Ca-mont mixtures is very 
complex. At E/C = 0%, microflocs form via flocculation of flocculi and primary particles without guar. 
After addition of guar, macroflocs form, which is accompanied by the reduction in the fraction of 
microflocs, flocculi, and primary particles. However, the microflocs may or may not contain guar (i.e., 
newly formed with guar or the pre-existing pure clay microflocs). In Figure 3.10(b), while the mean size 
of primary particles, flocculi, and macroflocs particle groups remains nearly constant, the microflocs 
group’s mean size increases slightly with the E/C (i.e., from 45 to 85 μm). 
  
Figure 3.10. Effect of guar on the PSD kinetics of Ca-mont at varying E/C. 
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Figure 3.11. Effect of guar on the PSD kinetics of Na-mont at varying E/C. 
 
In Figure 3.11, the deconvoluted PSD data of Na-mont and guar mixtures show an interestingly 
different feature: after the addition of guar, especially at higher E/C (i.e., > 5%), the fraction of both 
primary particles and flocculi approaches nearly zero, indicating that the other two particle groups, 
microflocs and macroflocs, make up nearly 100% of all particles, and that an increase in one group is 
accompanied by a decrease in the other. Furthermore, for the examined E/C, the fraction of macroflocs 
reaches a maximum at the E/C of 5%, while that of microflocs is at a minimum. According to Figure 
3.11(b), the mean size of each particle group remains also nearly constant at different E/C. 
3.4 Discussion 
3.4.1 Critical E/C for Flocculation 
Based on the experimental data, it is interesting to estimate the critical E/C that can result in a 
maximum or minimum fraction of microflocs or macroflocs. Another noteworthy characteristic is how 
the critical E/C changes with the type of clay minerals having different properties (e.g., the amount of 
layer charges, SSA, Table 3.1). Because adding xanthan fails to alter the PSDs of illite, Na-mont, and 
Ca-mont suspensions, it is difficult to assess how the critical E/C varies with the clay type. The critical 
E/C for the maximum percentage of macroflocs decreases with increasing the layer charge of clay 
minerals for guar. For example, the amount of layer charge of the four clay minerals is in the order of 
kaolinite, Na-mont, Ca-mont, illite, and the critical guar E/C for these four clay minerals is 20% > 5% > 
2% > 0%, respectively. This suggests that for the neutral guar clay minerals with higher charges usually 
require a smaller E/C to reach a maximum percentage of macroflocs. It also indicates that a higher E/C 
is required for a clay mineral with low charges such as kaolinite to generate a minimum fraction of 
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microflocs. For the highly charged clay minerals such as illite, macroflocs cannot form, and the 
percentage of microflocs increases with the E/C. 
Table 3.3 summarizes the critical E/C evaluated by different criteria. For most of the mixture 
suspensions, the E/C for a maximum population of macroflocs is the same as that for a minimum 
fraction of microflocs, and the E/C for the maximum fraction of microflocs and for the minimum 
fraction of macroflocs are the same. For example, in the kaolinite-xanthan mixture suspension, the 
fraction of macroflocs reaches a maximum at the E/C = 1%, and at this same E/C, the fraction of 
microflocs is minimum; when the E/C = 10%, the fraction of macroflocs reaches a minimum, and that of 
microflocs reaches a maximum. This interesting observation suggests that macroflocs may be mainly 
made up of microflocs, although some flocculi and primary particles may also be included in macroflocs. 
In other words, after the addition of EPS, breakdown of macroflocs, as indicated by the decrease in their 
fraction, is often accompanied by an increase in the fraction of microflocs. Such a phenomenon can help 
elucidate the composition and structure of different particle groups affected by the different types of 
EPS at varying E/C, as discussed in Section 3.4.2. 
Table 3.3. Critical exopolymer to clay ratios (E/C, wt.%) evaluated by different criteria. 
Evaluation criterion Max fraction of 
macroflocs 
Max fraction of 
microflocs 
Min fraction of 
macroflocs 
Min fraction of 
microflocs 
Kaolinite - xanthan 1% 10% 10-20% 1% 
Illite - xanthan -- -- -- -- 
Ca-mont - xanthan -- -- -- -- 
Na-mont - xanthan -- -- -- -- 
Kaolinite - guar 20% 1% 1% 20% 
Illite - guar N/A 20% N/A 1-2% 
Ca-mont - guar 2% 20% 1% 2% 
Na-mont - guar 5% 1% 1% 5% 
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Another noteworthy characteristic is how the critical E/C changes with the type of clay minerals 
having different properties (e.g., the amount of layer charges, SSA, Table 3.1). Because adding xanthan 
fails to alter the PSDs of illite, Na-mont, and Ca-mont suspensions, it is difficult to assess how the 
critical E/C varies with the clay type. The critical E/C for the maximum percentage of macroflocs 
decreases with increasing the layer charge of clay minerals for guar. For example, the amount of layer 
charge of the four clay minerals is in the order of kaolinite, Na-mont, Ca-mont, illite, and the critical 
guar E/C for these four clay minerals is 20% > 5% > 2% > 0%, respectively. This suggests that for the 
neutral guar clay minerals with higher charges usually require a smaller E/C to reach a maximum 
percentage of macroflocs. It also indicates that a higher E/C is required for a clay mineral with low 
charges such as kaolinite to generate a minimum fraction of microflocs. For the highly charged clay 
minerals such as illite, macroflocs cannot form, and the percentage of microflocs increases with the E/C.  
3.4.2 Composition and Structure of Different Particle Groups 
The experimental results shown in Table 3.3 manifest the complex PSD kinetics of suspended 
cohesive sediments affected by organic EPS. The four pure clay minerals studied exhibit multimodal 
lognormal PSD with structured particle groups consisting of finer primary particles, coarser primary 
particles, flocculi, and sometimes microflocs (for Ca-mont only). As such, pure clay particles can form 
flocculi of 10-30 μm in size. After EPS is introduced at varying E/C to the pure clay suspensions, the 
PSD further evolves into a broader size range with additional particle groups as a result of clay-EPS 
interactions, including microflocs and macroflocs. 
Figure 3.12 shows the schematic illustration of how different particle groups evolve for the 
studied clay-xanthan suspensions. For kaolinite, the pure clay suspension consists of only primary 
particles and flocculi; at an E/C = 2%, the suspension mainly contains macroflocs, microflocs, and 
flocculi at a ratio of 1 : 0.2 : 0.1; at an E/C = 20%, all macroflocs are broken down into microflocs, 
flocculi, and primary particles at a ratio of 1 : 0.9 : 0.1. Accordingly, xanthan acts as a bridging agent, 
linking flocculi to form microflocs as well as linking microflocs to form macroflocs. Adding xanthan to 
the other three clay mineral suspensions does not considerable change the PSD, and xanthan is also 
dispersed in the suspension. However, a special feature for Ca-mont is that microflocs already exist in 
the pure Ca-mont suspension, and these microflocs may not contain xanthan as a bridging agent to link 
flocculi. Such a structure is different from that of the microflocs in the kaolinite-xanthan suspension, 
where the microflocs contain EPS as a bridging agent. 
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Figure 3.12. Schematic illustration of the effect of xanthan on the composition, structure, and population 
of different particle groups in the four clay mineral suspensions. The values above each cartoon shows 
the ratio between different particle groups, i.e., PP : FL : MiF : MaF. 
 
Figure 3.13 shows a similar illustration for guar. For kaolinite, compared with xanthan, different 
behavior is observed for guar. That is, at a low E/C = 1%, guar-kaolinite suspension consists of mainly 
microflocs; at an E/C = 20%, these microflocs are further aggregated to macroflocs, while an opposite 
trend is observed for the kaolinite-xanthan suspension. For illite, no macroflocs are formed, but the 
microflocs mean size is slightly greater than that of microflocs formed by other clay minerals. That is, if 
the flocculi group has a mean size d, then the microflocs group formed by kaolinite, Ca-mont, or Na-
mont has a mean size of 4d, while the illite-based microflocs group has a mean size of 7d. For the two 
montmorillonites, their particle size kinetics is similar, and the composition and structure of their 
microflocs and macroflocs are also similar.  
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3.4.3 Clay-Exopolymer Interactions in Dilute Aqueous Suspensions 
 
 
 
 
Figure 3.13. Schematic illustration of the effect of guar on the composition, structure, and population of 
different particle groups in the four clay mineral suspensions. The values above each cartoon shows the 
ratio between different particle groups, i.e., PP : FL : MiF : MaF. 
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Dilute clay suspensions can be regarded as colloidal dispersions. The complex nature of clay-
polymer interactions has been documented extensively (Theng 1982b; Theng 2012). A detailed 
discussion of how the two EPS interact with the four clay minerals in dilute suspensions is out of the 
scope of this study. Here the focus is to discuss only the clay-EPS interactions based on the above PSD 
results. 
For anionic xanthan, the negative charges from its -COO
-
 (resulting from the dissociation of the 
carboxyl functional group -COOH) generate repulsion from the clay minerals of the same polarity. For 
the three clay minerals, illite, Ca-mont, and Na-mont, with relatively large layer charges, large 
electrostatic repulsion force separates xanthan molecules away from clay particles, resulting in little 
flocculation. However, this is not the case for kaolinite with a very small amount of layer charges (-0.03) 
(Table 2.1). As such, the electrostatic repulsion between kaolinite and xanthan is too small to 
counterbalance the attractions (e.g., van der Waals attraction, hydrogen bonding) between them, 
allowing xanthan molecules to approach to kaolinite particles and resulting in the attachment of xanthan 
molecules to kaolinite surfaces via electrostatic attraction between kaolinite edge and xanthan molecule, 
or hydrogen bonding between kaolinite face and xanthan molecule (Potter et al. 2005; Theng 1982a). 
Therefore, kaolinite-xanthan microflocs and macroflocs can still form. With increasing the E/C, more 
xanthan molecules are adsorbed to the clay particles, mostly within flocculi. Hence the total negative 
charges from both the clay particles within a flocculus and xanthan adsorbed to the flocculus increases, 
leading to increased repulsion forces that can no longer be counterbalanced by the van der Waals 
attraction. This results in the disaggregation of macroflocs into microflocs and flocculi. Another 
mechanism contributing to this effect is steric stabilization (Adachi et al. 2012), which is caused by the 
excessive adsorption of polymers onto the clay surfaces; therefore no further interactions between two 
“over-adsorbed” microflocs can take place. As such, macroflocs disappear at higher E/C. 
For neutral guar, the formation of clay-EPS flocs is mostly driven by an increase in entropy after 
adding guar into a clay suspension (Theng 1982a). A repulsive force between clay surfaces and guar 
molecules does not exist. Instead, attraction resulting from van der Waals forces and H bonds (i.e., 
formed between the -OH functional groups of guar and the silanol and aluminol groups on clay surfaces) 
takes place (White 2006). As such, all four clay minerals can interact with neutral guar to form 
microflocs and macroflocs (except illite with the highest layer charges). In this case, guar acts as a 
bridging agent connecting primary particles and flocculi to form microflocs and further connecting 
microflocs and flocculi to form macroflocs. For illite, no macroflocs form, probably due to its highest 
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layer charge that prevents microflocs from closely approaching each other. In fact, Pawlik and 
Laskowski (2008) also pointed out that guar at low concentrations can cause inorganic minerals to 
flocculate, while high concentrations may lead to steric dispersion. 
Based on the above discussion, in dilute clay and EPS suspensions, the strongest force of all the 
clay-clay, EPS-EPS, and clay-EPS interactions is the Coulomb or electrostatic forces, while van der 
Waals forces and H bond play a secondary role. However, when other stronger interactions are absent, 
van der Waals and H bond can still cause considerable effects to the suspension’s PSD. On the other 
hand, EPS concentration also plays an important role in controlling the clay-EPS PSD kinetics. With 
increasing the E/C, steric stabilization takes place, which can counterbalance other attractive forces 
developed at low E/C, and hence prevents further flocculation or even results in disaggregation. Another 
mechanism contributing to disaggregation as a result of increasing the E/C is that charged EPS 
molecules adsorbed to a clay flocculus brings additional charges to it and the electrostatic repulsion 
increases with the amount of EPS adsorbed. When such repulsion exceeds other attractive forces, 
flocculi inside microflocs or macroflocs can separate, leading to the disaggregation of microflocs or 
macroflocs. 
3.4.4 Implications for Sediment Analysis and Modeling 
Results of the aforementioned laboratory study points out the complex dynamic nature of PSD of 
suspended cohesive sediments in organic matter or EPS-bearing natural waters. Understanding of such 
complex particle size kinetics has practical implications for both sediment analysis and sediment 
transport modeling. 
Generally, suspended cohesive sediments in natural waters exhibit structured, multimodal PSDs 
resulting from the complex molecular and interfacial forces between clay particles and organic matter 
such as EPS. In particular, particle sizes ranging from primary particles (usually small), flocculi (usually 
relatively strong), microflocs, and macroflocs should be incorporated into the sediment transport 
algorithms for the modeling of cohesive sediment transport. The flocculi should be considered relatively 
strong and non-breakable into smaller primary particles, although they are allowed to interact with the 
other three particle groups to form larger flocs. Therefore, for sediment analysis and modeling, one or 
several parameters are used, such as the mean size d50 and other characteristic sizes, d60 and d10 (the 
sizes at which 60% and 10% of particles are finer, respectively), which cannot provide an accurate, 
definitive description of the sediment size characteristics and PSD kinetics. Instead, the PSD should be 
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quantitatively described by several, mostly four, structured particle groups (i.e., primary particles, 
flocculi, microflocs, and macroflocs) with corresponding mean size and standard deviation for each 
group.  
The second implication is that the significance and effect of sediment compositions and EPS 
species should not be underestimated in sediment analysis and transport modeling. Most natural waters 
contain a large matrix of different clay minerals and numerous types of organic matter or EPS species. 
However, effort should be made for a more detailed analysis of sediment mineralogy and organic matter 
(including EPS) species and their concentrations. Such definitive analyses can help improve the 
understanding and prediction of sediment transport behavior. According to the experimental results, 
changes in the EPS species or in the concentration of the same type of EPS will alter the flocculation 
and PSD kinetics of suspended cohesive sediments. For instance, only cohesive sediments rich in 
kaolinite tend to flocculate and exhibit relatively large macroflocs in natural waters containing anionic 
EPS such as xanthan at low concentrations. If the environment promotes microbiological activities and 
hence the EPS concentration is high, then the kaolinite-rich sediments exhibit smaller sized microflocs. 
In the waters where neutral EPS dominate, nearly all kinds of clay minerals tend to flocculate. The 
dominate particle group depends on the specific type of clay minerals: kaolinite tends to form microflocs 
only at low EPS concentrations and macroflocs at high concentrations; illite can only form microflocs 
no matter whether the concentration is high or low; Na- and Ca-mont can form both microflocs and 
macroflocs at various EPS concentrations. It is interesting to note that the mean size of each particle 
group for different clays remains nearly constant, despite the types of both clay minerals and EPS 
species as well as the concentrations are different, which is the only simple aspect to be considered in 
sediment transport modeling. In summary, the effect of EPS and other organic matter on the PSD 
kinetics and sediment transport modeling should not be underestimated. 
3.5 Conclusions 
A laboratory study is conducted to investigate the effect of EPS, a type of organic matter of 
microbiological origin, on the particle size kinetics of suspended cohesive sediments. The studied model 
system consists of four clay minerals abundant in natural waters, kaolinite, illite, Ca-mont, and Na-mont, 
and two EPS, anionic xanthan and neutral guar. PSDs are obtained from clay-EPS suspensions with 
varying E/C in a laminar flow condition simulated in the laser-based particle size analyzer. Analyses of 
the results lead to the following conclusions. 
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Both pure clay and clay-EPS suspensions exhibit multimodal PSD that can be statistically 
deconvoluted into the subordinate unimodal lognormal distributions corresponding to several 
characteristic particle groups, primary particles, flocculi, microflocs, and macroflocs. Such 
deconvolution quantifies the mean size and fraction of each particle group, leading to a more 
quantitative understanding of PSD kinetics. In general, pure clay suspensions consist of mainly primary 
particles and flocculi, and adding EPS to a clay suspension causes the formation of microflocs and 
macroflocs and a reduction in the fraction of flocculi and primary particles. However, these changes 
caused by the EPS are highly dynamic and dependent upon the polarity of clay minerals and EPS as well 
as the EPS concentration. 
Introduction of anionic xanthan into a clay suspension cannot assist in the flocculation of highly 
negatively charged clay minerals, owing to the relatively strong Coulomb repulsion between clay and 
EPS of the same polarity. However, kaolinite with very low charges can interact with anionic EPS to 
form macroflocs and microflocs mainly via van der Waals attraction and H bond. In contrast, neutral 
guar facilitates floc formation for all four clay minerals, because of the absence of the strong Coulomb 
repulsion between clay and EPS, but the presence of van der Waals attraction and H bond between clay 
and EPS. Also, varying the E/C can lead to complex dynamic changes in the PSD. Experimental results 
point out two mechanisms contributing to the effect of increasing E/C: steric stabilization and charge 
accumulation, the latter being a process where charged EPS molecules gradually adsorbed to a flocculi 
increase its accumulative total charges that can eventually lead to flocculi separation due to the 
increased Coulomb repulsion. Large EPS molecules primarily act as bridging agents to link flocculi and 
primary particles to form microflocs and macroflocs. However, such a bridging action depends upon 
whether parts (e.g., functional groups of a side chain) of an EPS molecule can be adsorbed onto clay 
surface via relatively short-range interactions (e.g., H bond, van der Waals, and Coulomb attraction). It 
is also inferred that the Coulomb forces dominate the PSD kinetics of highly charged clay minerals and 
anionic EPS. However, H bond and van der Waals attraction controls the PSD of clays with very low 
charge or neutral EPS under the absence of Coulomb forces. These findings also manifest the 
importance of organic matter (particularly EPS) and its concentrations in controlling PSD kinetics, as 
well as the knowledge of the complex compositions of suspended cohesive sediments in natural waters. 
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CHAPTER 4. PARTICLE SIZE KINETICS OF SUSPENDED COHESIVE 
SEDIMENTS AFFECTED BY EXOPOLYMERS – RESPONSE TO 
HYDRODYNAMIC FORCING 
4.1 Introduction 
Fine-grained cohesive sediments are one of the major constituents of the suspended particulate 
matter across nearly all types of natural waters, such as rivers, estuaries, and oceans (Black et al. 2002; 
Maggi 2005; Mehta et al. 1989). It mainly consists of diverse types of clay minerals, among which 
kaolinite, illite, and smectite are very abundant in the aquatic environments and terrestrial soils. 
Compared with sand or other coarse-grained sediment, the transport of clay minerals is very complex 
and interesting, owing to several distinct characteristics: 1) clay minerals usually have very small sizes 
of <2 μm, typically in the colloid size range, hence the fully dispersed clay particles settle very slowly 
owing to Brownian motion; 2) because of the crystal defects and isomorphous substitutions, their 
surfaces are charged and hence chemically active, with permanent negative charges on the face surface 
and pH-dependent charges on the edge surface, enabling their interactions with other active or charged 
particulate matter as well as dissolved ions and molecules; and 3) the huge aspect ratio results in the 
very high specific surface area augmenting the aforementioned interactions occurring on clay surfaces. 
Another important constituent of the suspended particulate matter in natural waters is organic 
matter, which is also very complex and diverse with a huge array of different types and species that may 
be present in suspension, as in the colloidal or true solution, depending on its origin, transformation 
mode, age, and existing environments (Black et al. 2002; Green and Blough 1994; Harris and Mitchell 
1973). Of all these different variations, exopolymers, or extracellular polymeric substances (EPS), are 
the particular type of organic matter secreted by microorganisms that mainly include polysaccharides, 
proteins, and extracellular DNAs which are dispersed into aqueous media upon biofilm maturation. 
These high molecular weight polymers generally consist of monosaccharides and some non-
carbohydrate substitutes (e.g., acetate, phosphate) with side chains bearing different functional groups, 
such as -OH, -COOH, and -NH2, which render the EPS with different polarities (e.g., cationic, anionic, 
and neutral) and reactivity.  
As discussed above, most clay minerals and EPS possess charges or functional groups and tend 
to interact extensively, resulting in the formation of flocs. These interactions are very complex and 
highly depend upon the types of EPS functional groups, clay surface properties, water chemistry (e.g., 
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the types and concentrations of dissolved salts or ions), and hydrodynamic conditions. In fact, floc 
formation is controlled by the intermolecular and surface forces between clay particles and EPS 
molecules, including van der Waals attractions, Coulomb forces, hydrogen bonding, and among others, 
ion-dipole forces. These clay-EPS interactions are further influenced by the water chemistry, clay 
surface’s electrical double layers, and associated clay-clay interactions (e.g., repulsion between two 
electrical double layers of same polarity and attraction between two electrical double layers of dissimilar 
polarity) (Derjaguin and Landau 1993; van Olphen 1987; Verwey and Overbeek 1999). Furthermore, the 
geometrical conformation and length of EPS molecules also affect the clay-EPS interaction, because 
EPS molecules can act as a bridging agent connecting clay particles which are kept apart by EDL 
repulsion (Harris and Mitchell 1973; Theng 1982). In other words, different parts (e.g., two side chains 
with functional groups) of a long linear EPS molecule can be attached via van der Waals attraction, 
hydrogen bonding, or Coulomb attraction to two different clay particles that are separated due to the 
electrical double layer repulsion. If the EPS molecule length is greater than twice the EDL thickness, 
then the two clay particles can be bridged by the EPS molecule, forming a loosely associated floc. As a 
result, the size of the formed clay-EPS flocs depends on these interactions as well as the physical and 
chemical properties of the two types of constituents—clay minerals and EPS.  
In general, flocculation or aggregation leads to a change in the PSD of suspended cohesive 
sediments. Such change is also highly dynamic which depends upon the shear rate or the hydrodynamic 
flow energy of the water. If the flocs are strong enough to resist the shear stress induced by the fluid 
flow, further flocculation with an increase in particle size can be expected. In contrast, if the flow shear 
stress exceeds the floc’s shear strength, floc breakdown with a particle size reduction should occur. In 
addition, floc settling-induced shear stress actually limits the terminal size of flocs via breakage, hence 
floc size also controls the settling velocity of cohesive sediments (Kranenburg 1999; Winterwerp 1998). 
Owing to flocs’ porous structure and resulting creeping flow through the floc pores, flocs settle faster 
than solid particles of the same density and size (Neale et al. 1973). Therefore, particle size also affects 
several major sediment processes in natural waters, including sediment transport, flocculation, and 
settling (Chen et al. 2005). Furthermore, these naturally occurring, EPS-bearing flocs play a vital role in 
managing organic matter content in natural waters, affecting ocean acidification by changing the CO2 
level (Munn 2011), separating contaminants and dead organisms from water (e.g., Maximova and Dahl 
2006), facilitating ocean carbon cycles (e.g., Ploug et al. 1999), and even affecting the biosystem at the 
bottom bed (e.g., Fabricius et al. 2003).  
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Because flocculation or PSD has such important environmental implications on natural aqueous 
systems, many experimental and numerical studies on flocculation have been reported in literature 
where the important role of floc breakage indicting cohesive sediment transport has been recognized 
(e.g., Dyer and Manning 1999; Jarvis et al. 2005a; Jarvis et al. 2005b; Maximova and Dahl 2006). 
However, there is no systematic experimental study being conducted focusing on how clay mineral 
structure, clay layer charges, and EPS polarity or functional groups affect cohesive sediment 
flocculation and esultant PSD kinetics, as well as the hydrodynamic response of floc’s stability under 
different hydrodynamic conditions (i.e., laminar, transitional, or turbulent flows). Therefore, an 
experimental study is conducted to fill this gap. Its overall objective is to understand the PSD kinetics of 
cohesive sediments affected by EPS with a particular focus on hydrodynamic stability. Four high-purity 
clay minerals representing naturally occurring cohesive sediments, including kaolinite, illite, Na-
montmorillonite, and Ca-montmorillonite, were studied. Compared with other real sediments in natural 
waters, these pure clay mineral samples usually have little or no impurities whose basic chemical and 
physical properties are well documented in literature. The high purity of these samples can help 
elucidate or isolate the major mechanisms of the flocculation and particle size kinetics. Moreover, the 
chemical and physical properties determined by prior studies can be used for the interpretation of the 
experimental results obtained in this study. Finally, because of the extensive abundance of kaolinite, 
smectite, and illite in natural waters, results and conclusions of this study can be essentially generalized 
to most natural cohesive sediments. 
4.2 Materials and Methods 
4.2.1 Materials 
Four clays abundant in both terrestrial and marine environments, namely kaolinite, illite, Ca-
montmorillonite (Ca-mont), and Na-montmorillonite (Na-mont), were chosen as the model inorganic 
cohesive sediments to account for their compositional variability. Samples of the four clay minerals 
purchased from the US Clay Minerals Society (CMS) Source Clay Repository (Purdue University, 
Indiana, USA) are high-purity source minerals and have been well analyzed and widely used in many 
studies as the reference clay minerals. Table 3.1 shows their geographic origin and basic properties. 
Among these four clays, kaolinite (KGa-1b), Ca-mont (STx-1b), and Na-mont (SWy-2) were supplied as 
the dry powder without further preprocessing, while illite (IMt-1) was supplied as small rock chips. To 
obtain an equivalent powdery sample, the as-received illite chips was first hand-grounded in a mortar 
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and pestle and then wet-grounded with the ethyl alcohol in a McCrone micronizing mill (McCrone 
Accessories and Components, USA) for 3 minutes, which typically results in a fine powder with particle 
sizes < 38 µm for most silicate minerals. 
Two exopolymers, xanthan (NF Grade, Spectrum Chemical Manufacturing Corporation) and 
guar (Laboratory Grade, Fisher Scientific Inc.), were selected to simulate the organic EPS with different 
polarity in natural environments (Figure 3.1). The former is an anionic bacterial polysaccharide with a 
molecular weight of 0.9 - 1.6 × 10
6
 Da, depending on the bacterial strain and physiological environment 
used for production (Sutherland 1994). It is highly soluble and this behavior is related to the 
polyelectrolyte nature of xanthan molecules ( arc  a-Ochoa et al. 2000). The latter, used as an EPS 
analog, is a neutral plant polysaccharide with a molecular weight of up to 2 × 10
6
 Da (Risica et al. 2005). 
Both EPS can produce highly viscous solutions even at low concentrations ( arc  a-Ochoa et al. 2000; 
Milas et al. 1985). 
4.2.2 Sample Preparation 
Aqueous clay-EPS suspensions were prepared for the floc formation and subsequent particle size 
measurement. First, 0.2 g dry clay was soaked in 10 ml deionized (DI) water for >16 hours, and the 
suspension was transferred to the sample bath of a Cilas particle size analyzer (Figure 3.2), followed by 
disaggregation and dispersion using a built-in pedal-like stirrer inside the sample bath at a fixed speed of 
180 rpm. Second, the EPS solution was prepared by slowly adding a pre-determined amount of EPS 
powder into 50 ml DI water, which was continuously agitated by a magnetic stirrer to aid dissolution. 
Sufficient time (e.g., >30 minutes) of stirring was allowed to ensure complete EPS dissolution and 
obtain the final homogeneous solution. Third, the prepared EPS solution was slowly added to the sample 
bath where the clay suspension was being stirred to achieve a complete mixing of clay and EPS. Finally, 
the sample bath was filled with additional DI water so that the total volume of the final clay suspension 
was 500 mL, which is the capacity of the sample bath. This results in a suspension with a clay 
concentration of 0.4 g/L. Flocculation of the suspended clay particles and EPS molecules took place in 
the PSA’s bath where, during stirring, collisions of clay to clay and clay to EPS molecules continuously 
occurred. The pre-designed EPS to clay ratio (E/C) ranged from 0, 1, 2, 5, 10, and 20% by weight, 
corresponding to the EPS concentration of 0, 0.004, 0.008, 0.02, 0.04, and 0.08 g/L in the final mixture 
suspension, respectively. Therefore, 4 types of clays and 2 types of EPS were studied at a fixed clay 
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concentration of 0.4 g/L and 6 aforementioned EPS concentrations, leading to a total number of 48 clay-
EPS suspensions being analyzed. 
4.2.3 Particle Size Measurements 
The PSDs of the clay-EPS suspensions were characterized in a Cilas® 1190 laser particle size 
analyzer (PSA) (Cilas Particle Size, Madison, WI, USA) in the wet mode (Swithenbank et al. 1976), 
which has a closed-loop liquid dispersion and circulation system (Figure 3.2). To prevent undesired 
settling and establish equilibrium between floc formation and breakdown, the mixture suspension was 
continuously agitated by the built-in pedal-like stirrer at the constant speed of 180 rpm. Meanwhile the 
suspension was continuously circulated by a peristaltic pump in the PSA’s circulation system, while the 
PSD was continuously monitored by three laser beams. The pump speed was fixed at 30 rpm, resulting 
in an average flow velocity of 150 mm/s, equivalent to a Reynolds Number (Re) of 961 or laminar flow 
in the recirculating pipes. Sufficient time (usually 10-15 minutes) was allowed for the circulated 
suspension to reach an equilibrated state (i.e., no further change in the measured PSD even for 
prolonged circulation). Once the equilibrium was established, three separate PSD measurements for each 
flow conditoiin were then performed and the averaged results were reported as the PSD data. Then the 
pump speed was gradually increased to intermediate and higher values to represent transitional and 
turbulent flow conditions. For each condition, three separate PSD measurements were made once the 
equilibrium was established as well. For all the 48 clay-EPS suspensions being analyzed, three flow 
conditions were applied to each suspension, leading to a total population number of 144. 
4.2.4 Hydrodynamic Analysis in the PSA Liquid Circulation System 
In the case of the suspension flow with viscous exopolymers, the viscosity of the fluid should be 
modified depending on the exopolymer concentration in the suspension. However, in this study, the 
maximum exopolymer concentration is only 80 mg/L. Such a small exopolymer concentration can be 
regarded as a Newtonian fluid in the circulation system (Whitcomb et al. 1980; Whitcomb and Macosko 
1978), while the viscosity of DI water was then used as the first approximation. 
As shown in Figure 3.2, particles inside the PSA circulation system are exposed to various types 
of shearing stress, including disturbance in the sample tank, converging flow when it is entering the 
tubes, and pump induced hydrodynamic shearing in tubes, etc. All these hydrodynamic forcing imposes 
external stresses on the floc surface and thus influence the flocculation and particle kinetics in the 
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system. Among the effects, three major contributions need special attention when considering the 
hydrodynamic shearing gradients inside the PSA system, including: a) agitator induced transitional flow 
in the sample bath; b) converging or diverging flow at the orifice where suspension enters or leaves the 
circulation tube from the sample bath and into/out of the imaging windows; and c) fully developed pipe 
flow throughout the circulation tubes. Table 4.1 summarizes the theoretical formulas to examine the 
Reynolds number (Re) and shear rate (G) for the three aforementioned portions.  
Table 4.2 summarizes the calculated flow condition in the PSA circulation system based on 
concepts discussed in Table 4.1. Clearly, in the transitional and turbulent flow conditions, the pipe flow 
reached the highest shearing level in the PSA system; while in the laminar flow condition, the shear rate 
in sample bath and pipe are at the same magnitude.  
Table 4.1. Summary of the Reynolds numbers and shear rates inside the PSA circulation system. 
Location Type Re G (s-1) Notation References 
Sample  
bath 
Transitional 
flow 

2
agitatorD
 V
DN agitatorp

53
 
Ω: stirrer rotational speed; 
Dagitator: agitator diameter; 
Np: agitator power number; 
V: sample bath volume; 
ν: kinematic viscosity; 
Camp and Stein (1943) 
Spicer and Pratsinis (1996) 
Godfrey et al. (1989) 
Orifice Converging 
flow 
 
3
032
33
R
Q

 
Q: volume flux; 
R0: orifice radius; 
Blaser (2000) 
Tube Laminar 
flow 
0
2
R
Q

 
R
R
Q
3
0
4

 
R: radial distance from the 
tube axis; 
Uτ: friction velocity; 
K: Von Karman constant; 
ν: kinematic viscosity; 
Matsuo and Unno (1981) 
 
Transitional 
or turbulent 
flow 
0
2
R
Q

 )( 0
3
RRK
U


 
 
Table 4.2. Summary of calculated flow conditions in the PSA circulation system. 
Location Ω (rpm) Re G (s-1) Max shear stress, τ (Pa) Flow condition 
Sample bath 180 1452 18.0 0.02  
Orifice 30 N/A 7.6 0.04 Converging flow 
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(Table 4.2 continued) 
Location Ω (rpm) Re G (s-1) Max shear stress, τ (Pa) Flow condition 
Orifice 
120 
 
21.0 0.10 
Converging flow 
240 42.6 0.21 
Tube 
30 960 11.7 0.18 Laminar flow 
120 2624 146.9 0.43 Transitional flow 
240 5376 376.6 1.10 Turbulent flow 
 
4.2.5 Quantitative Analysis of PSDs 
The measured particle or floc size was defined as the diameter of equivalent spheres estimated 
based on the volume moment mean value or De Brouckere mean diameter of all the particles within a 
specified size range. The formula is: 
 





3
4
nl
nl
nV
nVl
d  (4.1) 
where d is the mean diameter of all particles or flocs within a given size range, n is the number of 
particles or flocs at a fixed size within that size range, and V and l are the volume and equivalent sphere 
diameter of a particle or floc of a fixed size within that range, respectively. 
Quantitative analysis of size-discrete particle groups was performed by statistical deconvolution 
of the experimental PSD data, including both cumulative distribution function (CDF) and histograms or 
probability density function (PDF) curves. Experimental PSD histograms pi (i = 1, 2, …, N
bins
, where 
N
bins
 is the number of size ranges or statistical bin width) were provided directly by the Cilas PSA. 
Noteworthy is that each size range or bin width (i.e., di+1 – di) varies with the mean size d because the 
PSD histogram is plotted versus d in the logarithmic scale (i.e., logd). The concept of the PSD 
multimodality was applied to the histogram so as to divide them into N
group
 discrete size groups 
according to the observed peaks in the histogram (e.g., as discussed later, primary particles, flocculi, 
microflocs, and macroflocs). Each discrete particle group accounts for a percentage or fraction, Aj (j = 
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1, …, Ngroup), of the total number of particles in a suspension. As such, Aj is the total area under a peak in 
the PSD histogram. 
The deconvolution of PSD curves into discrete particle groups represents the process of finding 
N
group
 individual PDFs for each size group. By assuming a unimodal lognormal distribution (Lee et al. 
2012; Mikkelsen et al. 2006), the PDF for each size group can be written as: 
 groupbins
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where μj and σj are the mean and standard deviation of the particle size’s natural logarithm, ln(d), in the 
j-th size group. Accordingly, the expected mean diameter E[d] and its standard deviation s.d.[d] for each 
size group can be expressed as: 
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The overall PDF for all particle size groups is then: 
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Individual lognormal distributions were found by minimizing the following error function 
between the experimental PDFs and the computed lognormal multimodal PDFs: 
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The minimization procedure is based on the criterion that satisfies the condition: 
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Furthermore, to ensure that different size groups have sufficient contrast in size, and thus to 
minimize the overlapping of two neighboring distributions, the optimization process is additionally 
constrained by: 
 
group
jj Nj ,,2,0 1     (4.8) 
4.3 Analysis of Results 
4.3.1 Typical PSD Curves 
Figure 4.1 shows four randomly selected, typical PSDs from the aforementioned 144 results. For 
the pure kaolinite in low shearing flow (Figure 4.1(a)), the PDF curve exhibits a bimodal distribution 
with two peaks centered at 2-3 and 20 mm, respectively. When the hydrodynamic forcing level inside 
the PSA system increases to transitional and finally turbulent flow conditions, (Figure 4.1(b)-(c)), a third 
peak centered at 0.2-0.3 mm is observed, resulting in a multimodal distribution of the overall PSD 
curves. For the Ca-mont and guar suspensions (Figure 4.1(d)), the PDF curve also consists of multiple, 
nearly isolated peaks, with particle sizes ranging from ~0.05 to ~500 μm. Moreover, all subordinate 
peaks are depicted as the normal distributions in the semi-logarithmic plot. Therefore, all PSD curves 
are further analyzed using the above statistical deconvolution method to quantify the mean diameter, 
standard deviation, and population fraction of the particle groups corresponding to different peaks in the 
PDF curves.  
According to the previous work (Lee et al. 2012; Mikkelsen et al. 2006), suspended particulate 
matter in natural waters such as coastal zones typically exhibits multimodal PSDs that can be further 
decomposed into subordinate, multiple particle groups, each of which possesses a lognormal PDF that 
can be used to quantify its percentage (e.g., in terms of volume or population of all particles). 
Conceptually, these size groups consist of macroflocs, microflocs, and single-grain fraction (Eisma 
1986), and the last group, single-grain fraction, can be further subdivided into flocculi and primary 
particles (van Leussen 1994) (Figure 3.4). In natural environments, primary particles consist mostly of 
fine-grained particles with a size range of typically 0.25-7 µm, including clay minerals, organic and 
calcareous particles, picophytoplankton, and heterotrophic bacteria (Andrews et al. 2010). Flocculi, a 
compound word of floc and nuclei (van de Ven and Hunter 1977), consist of strongly bound primary 
clay particles with a face-to-edge association via Coulomb attraction with a size of typically 10-30 µm 
(Lee et al. 2012). Flocculi are the smallest but the densest clay-based flocs which are rarely broken 
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down to the lower level primary particles even at the highest turbulent shear (van de Ven and Hunter 
1977), which may be regarded as a basic and major building unit of flocs (van Leussen 1994). 
Microflocs consist of flocculi and primary particles with a size range of 30-200 µm. Macroflocs are built 
up from microflocs, primary particles, and flocculi, with a size range of hundreds to thousands of 
micrometers.  
   
  
Figure 4.1. Example curves showing the multimodality of PSD of clay minerals and clay-EPS flocs 
under different flow conditions: (a) pure kaolinite in laminar flow; (b) pure kaolinite in transitional flow; 
(c) pure kaolinite in turbulent flow; and (d) Ca-mont and guar floc in transitional flow at an E/C = 20%. 
 
This study further demonstrates that the laboratory-prepared pure clay and clay-EPS mixture 
suspensions also exhibit similar multimodal lognormal PSDs. The highly turbulent flow condition 
causes the breakup of weak aggregated structures which results in more PSD peaks and change in 
particle sizes. For instance, suspended pure kaolinite at a concentration of 0.4 g/L forms two discrete 
particle groups in laminar flow: 0.8-7 μm primary particles and 8-40 μm flocculi (Figure 4.1(a)). the 
change of hydrodynamic forcing in the circulation pipe transitional and turbulent flow results in one 
additional particle groups: 0.3 μm finer primary particles and decrease in fraction of flocculi (Figure 
4.1(b)-(c)). 
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(c) Kaolinite (turbulent flow)
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4.3.2 PSD Kinetics of Pure Clay Suspension 
 
Figure 4.2. Example curves showing the multimodality of PSD of clay minerals and clay-EPS flocs 
under different flow conditions: (a) pure kaolinite in laminar flow; (b) pure kaolinite in transitional flow; 
and (c) pure kaolinite in turbulent flow. 
 
Figure 4.2 compares the PSD curves of pure kaolinite sample in DI water in the laminar, 
transitional, and turbulent flow conditions. In laminar flow, where hydrodynamic influence is relatively 
small, suspended kaolinite particles manifest a bimodal PDF (Figure 4.2(a)), with two peaks 
corresponding to the coarser primary particles and flocculi centered at ~3 μm and ~ 20 μm, respectively. 
A third peak indicating the presence of finer primary particles with ~0.3 μm size range appears when the 
flow condition is no longer laminar. Results of the deconvolution analysis of each particle group (i.e., 
finer primary particles, coarser primary particles, and flocculi) are summarized in Table 4.3. Flocculi are 
the key component in kaolinite suspension, making a significant contribution (>90%) to the total particle 
in the low-shear water environment. Furthermore, the outstanding feature of the absence of finer primary 
particles in laminar flow (<0.5μm) and the presence in high-shear water environment suggests that: finer 
primary particles aggregate up to form larger flocculi or become attached to the surface of larger ones, 
because the net negative charge on kaolinite surface is so small (Table 3.1) that face-face repulsive force 
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cannot counterbalance the face-edge attraction and van der Waals attractions. The phenomena that 
adherence of smaller particles onto the face surface of larger ones has been observed using transmission 
electron microscopy (Mackinnon et al. 1993). However, this kind of aggregation is weak, which can 
easily be destroyed by the hydrodynamic forcing exerted on floc surfaces, resulting in the appearance of 
third peak in PDF plot (Figure 4.2(b)-(c)).  
Table 4.3. Summary of the mean size and fraction of each kaolinite particle groups. 
Kaolinite 
Finer primary particles  Coarser primary particles  Flocculi 
E[d] (μm) A (%)  E[d] (μm) A (%)  E[d] (μm) A (%) 
Laminar flow    3.40 7.73  24.47 91.43 
Transitional flow 0.33 3.26  3.58 22.79  14.04 74.32 
Turbulent flow 0.33 4.92  3.27 29.75  14.36 66.60 
 
Furthermore, the CDF plot (Figure 4.2(a)) of three PSDs suggests that the d50 (i.e., the median 
size of kaolinite samples decreases from the laminar flow to turbulent flow. However, using d50 only 
cannot yield the more detailed discrete size structure of these pure clay minerals in suspension or the 
fraction of each size group. Clearly from Table 3.1, the hydrodynamic forcing induced shearing stress on 
the suspended clay particles will not only reduce the fraction of flocculi, but also reduce the mean size 
of kaolinite flocculi (i.e., flocculi mean size decreased to ~14 μm from initially ~24 μm). 
Figure 4.3 summarizes all the deconvoluted quantitative PSD data (i.e., including both the 
fraction and mean size of each particle group) for all four pure clay minerals. Besides the 
aforementioned pure kaolinite, all the other three minerals manifest higher net surface charges (Table 
3.1). As such, face-edge attraction and van der Waals attraction cannot overcome the strong electrostatic 
repulsion caused by face-face interactions and thus particles are kept away from approaching each other, 
such that most primary particles stay separated in the illite and two montmorillonite suspensions. For 
instance, for illite with the highest net surface charges (Table 3.1) among the four clay minerals, flocculi 
account for ~ 70% of the total number of suspended particles, while the rest is primary particles in two 
different size groups. The PSDs in these three pure clay suspensions do not change with hydrodynamic 
conditions; they are stable (no change in group mean size and group fraction under different flow 
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conditions) in aqueous systems, which rarely breakup or reduce in size even high hydrodynamic forcing 
is applied. 
  
Figure 4.3. PSD kinetics of pure clay suspensions in different flow conditions. (FPP: finer primary 
particles; CPP: coarser primary particles; FL: flocculi; MiF: microflocs; La: laminar flow; TrF: 
transitional flow; TuF: turbulent flow). 
 
Clay particles in suspension possess a negative EDL on face surface owing to its permanent 
negative charges. On the other hand, the edges of clay particles have pH dependent charges due to 
broken Al-O and Si-O bonds. In neutral and acidic solutions, a positive EDL forms on the edge surface 
(van Olphen 1987). Although the negative EDL dominates the whole particle behavior, a positive EDL 
on edges can significantly affect the clay flocculation and stability of clay suspension, since the edge-to-
face association of clay particles results from the electrostatic attraction between the two oppositely 
charged surfaces. This is the main reason why flocculi form and further make up for a major fraction of 
pure clay suspensions. The edge-to-face association is kind of strong electrostatic attraction that the 
aggregated flocculi can survive in the high fluid energy suspensions. In summary, formation of clay 
flocculi and microflocs (Ca-mont only) can take place in pure clay suspensions, thus reducing the 
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fraction of primary clay particles. Face adherence of the smaller kaolinite particle onto the bigger ones 
are weaker compared with the edge-to-face flocculation occurred between electrical double layers and 
charged surfaces. 
4.3.3 PSD Kinetics of Clay Xanthan Flocs 
Figure 4.4 and Figure 4.5  compare the PSDs changes of clay xanthan flocs at different E/C in 
the laminar, transitional and turbulent flow conditions. The PSD of kaolinite responds very sensitively to 
both the introduction of xanthan and changing of hydrodynamic forcing, which is in need of a more 
detailed quantitatively analysis (Figure 4.4). While the effect of xanthan and hydrodynamic forcing on 
the PSDs of the other three clays, illite, Na-mont and Ca-mont, is not so significant, whose results are 
summarized all together in one figure, Figure 4.5.As shown in Figure 4.4(a), the hydrodynamic forcing 
has little impact on the fraction of primary particles presented in kaolinite-xanthan suspension; which is 
only dependent upon whether xanthan is present or not. On the other hand, the other three size groups, 
flocculi, microflocs, and macroflocs, change fraction dramatically along with both the E/C and 
hydrodynamic forcing. In the laminar flow condition, the fraction of flocculi decreases dramatically 
from ~90% to less than 10% as the E/C increases from 0 to 1%, and then gradually recoveries to ~50% 
level; in the transitional flow condition, the fraction of flocculi only decreases ~40% (from ~70% to 
~30%) before returning to 60% as the E/C increases; when the hydrodynamic forcing increases to the 
highest level in the suspension, the change of flocculi fraction is further limited to ~20% variation, 
indicating that kaolinite flocculi are more difficult to aggregate with xanthan to form micro sized flocs in 
the turbulent flow condition.  
This can be further demonstrated by the fraction changes of microflocs and macroflocs in the 
whole mixture suspension: (1) kaolinite-xanthan macroflocs can only exist in the laminar flow condition 
and at the low E/C ratio; (2) kaolinite-xanthan microflocs are stronger than macroflocs as they can 
survive in the turbulent flow condition, although its fraction gets significantly reduced by the higher 
hydrodynamic flow energy, if the E/C ratios are the same in different flow conditions; (3) the maximum 
E/C ratios for the formation of both microflocs and macroflocs vary with flow conditions, i.e., 1%, 1%, 
and 5% from laminar, transitional, and transitional flow, respectively. Quantitative analysis of different 
size groups suggests that: (1) the fraction of primary particles is sensitive to the introduction of xanthan 
only in laminar flow condition; increasing hydrodynamic forcing in the fluid system separates the 
attracted smaller kaolinite particles from the face surface of the bigger ones, resulting in the increase of 
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the primary particle fraction in the suspension; (2) adding negative charged xanthan further reduces the 
kaolinite double layer thickness, which makes the adherence more stable than without xanthan, hence 
the fraction of primary particles rapidly decreases to a constant low value, which is the same as in 
laminar flow condition; (3) although xanthan can cause the aggregation of kaolinite flocculi to form 
larger flocs, an extremely high E/C may lead to the side effect, i.e., breaking the macroflocs and 
microflocs into flocculi. Therefore, based on the experimental data, the optimal xanthan E/C that can 
result in more microflocs or macroflocs ranges from 1-10%, which is depending on the hydrodynamic 
forcing in the aqueous system. 
  
Figure 4.4. PSD kinetics of kaolinite and xanthan flocs: (a) fraction of each group; (b) mean size of each 
groups. (FPP: finer primary particles; CPP: coarser primary particles; FL: flocculi; MiF: microflocs; La: 
laminar flow; TrF: transitional flow; TuF: turbulent flow). 
 
Noteworthy is to discuss the variations of the mean size of each particle group with the E/C 
under different flow conditions, as shown in Figure 4.4(b) where the vertical axis is in the logarithmic 
scale. Besides the macroflocs that only exists in laminar flow condition and no size change with 
different E/C (constant of ~260 μm), the mean size of the flocculi of kaolinite and xanthan flocs also 
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varies slightly with the E/C in all three flow conditions (i.e., 20-30 μm, as long as xanthan is present). 
On the other hand, the mean sizes of other two particle groups, microflocs and primary particles, vary 
with remarkable difference under different flow conditions and with varying E/C. For the primary 
particles, the observed mean size increases with both E/C ratio and hydrodynamic forcing, i.e., when 
E/C increases from 0 to 20%, the mean size slightly increases: (1) from 3.4 to 6 μm in the laminar flow; 
(2) from 3.4 to 9 μm in the transitional flow, (3) and from 3.4 to 13 μm in the turbulent flow. The 
difference in diverse flow condition is due to two possible reasons: firstly introduction of negative 
xanthan reduces the potential face surface repulsion which makes the face-to-face adherence easier and 
stronger; and secondly, increased water flow energy enhances the possibility of particle collision 
occurrence during circulation and the chance for adherence taking place. For the microflocs group, high 
water flow energy significantly affects the final mean size of that group, i.e., at E/C = 5, the value 
decreases from ~100 μm to only about 40 μm. It indicates that hydrodynamic forcing imposes a 
significant effect on the growth of flocs during flocculation. 
  
Figure 4.5. PSD kinetics of illite, Ca-mont, Na-mont and xanthan flocs: (a) fraction of each group; (b) 
mean size of each group.  
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As shown in Figure 4.5, neither the addition of xanthan nor changing the hydrodynamic forcing 
has little effect on the PSDs of illite, Na-mont, and Ca-mont suspensions. Such dramatically different 
response of kaolinite and the other three clays to xanthan can be attributed to clay surface charge 
characteristics. 
4.3.4 PSD Kinetics of Clay Guar Flocs 
  
Figure 4.6. Effect of the hydrodynamic forcing on the PSD kinetics of kaolinite-guar flocs at varying 
E/C: (a) fraction of each group; (b) mean size of each group.  
 
Figure 4.6 shows the deconvoluted quantitative PSD data (i.e., including both the fraction and 
mean size of each particle group) of kaolinite and guar flocs at different E/C and in different flow 
conditions. The following changes in the PSD caused by guar can be observed: (1) the hydrodynamic 
forcing significantly retards the formation of kaolinite-guar macroflocs, i.e., macroflocs appears at E/C = 
2% in the laminar flow; at E/C = 5 in the transitional flow; while in the turbulent flow, the E/C ratio for 
the formation of macroflocs is more than 10% (in this experiment, 20%); (2) although there is no 
macroflocs formed in the laminar flow condition at E/C = 1%, this ratio promotes the maximum fraction 
of microflocs in the laminar flow condition, while nearly a steady fraction of microflocs is reached when 
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the E/C > 2%; (3) in contrast, the microflocs fraction in transitional and turbulent flow conditions keeps 
gradually increasing as the E/C increases, which manifests a quite different behavior as in the laminar 
flow; (3) corresponding to the increasing of the microflocs fraction in the transitional and turbulent 
flows, the fraction of flocculi shows a gradually decrement trend when E/C increases, except for the case 
of E/C = 1% where guar is first added into kaolinite suspension and PSDs are recorded. At this point, 
guar molecules bring separated small kaolinite particles together and reduce the fraction of primary 
particles, resulting in the small increment in fraction of flocculi and decrease in primary particles. 
According to Figure 4.6(b), the mean size of macroflocs at different E/C and in different flow 
conditions is nearly constant. Furthermore, hydrodynamic forcing has little effect on the mean size of 
the formed microflocs. However, the mean size of flocculi in the turbulent flow is slightly smaller than 
in the laminar flow condition, i.e., ~14 μm versus with ~24 μm. In summary, the hydrodynamic forcing 
in suspension significantly postpones the flocculation process occurred between kaolinite and guar. The 
high water mixing energy requires more guar to be added into the kaolinite suspension to promote 
flocculation, in order to form macroflocs and reduce the population of flocculi. Further, there is no 
critical value for the flocculation and PSD kinetics in the transitional and turbulent flow as in laminar 
flow conditions. 
Figure 4.7 shows the deconvoluted PSD results for the illite-guar flocs in different flow 
conditions. It is interesting to see the absence of macroflocs across the entire range of examined E/C (i.e., 
0-20%). In addition, the following features are obvious: (1) the hydrodynamic forcing also retards the 
formation of kaolinite-guar microflocs, i.e., in the laminar flow, microflocs are formed at the E/C > 2%, 
while in transitional and turbulent flows, microflocs are formed at the E/C > 5%; (2) once microflocs are 
formed, its fraction increases gradually with the E/C which does not change with increased water mixing 
energy; (3) the flocculi population decreases gradually with the E/C, corresponding to the formation of 
microflocs; (4) two primary particle groups are present: while the fraction of the finer primary particle 
group remains nearly constant, the coarser one’s fraction decreases gradually with the E/C, which is also 
corresponding to the formation of microflocs. From Figure 4.7b, each particle group’s mean size is 
nearly constant, i.e., it is affected by neither the E/C nor the hydrodynamic forcing in the aqueous 
system. Based on these observations, it can be concluded that adding guar into illite suspension mainly 
prompts the flocculation of flocculi and coarser primary particles to form microflocs at a relatively high 
guar concentration only. The hydrodynamic forcing has the impact on retarding the flocculation: more 
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guar is needed to promote the process. However, once micro-sized illite-guar flocs are formed, they are 
strong and stable in the aqueous system. 
  
Figure 4.7. Effect of the hydrodynamic forcing on the PSD kinetics of illite-guar flocs at varying E/C: (a) 
fraction of each group; (b) mean size of each group.  
 
Figure 4.8 shows the deconvoluted PSD results for Ca-mont and guar mixtures in different flow 
condition. Again, the increased hydrodynamic forcing significantly affects the interactions between Ca-
mont and guar, indicating an obvious delay in the formation of macroflocs. For example, macroflocs are 
present at E/C = 1% in the laminar flow condition; in the transitional flow condition, it can only be 
generated at E/C = 20%; while in the turbulent flow, no macroflocs showed up. The fraction of flocculi 
all exhibits decreasing trends with E/C in three flow conditions, with smaller decreasing rate in the 
turbulent flow condition. Moreover, an interesting and unique phenomenon is that there is a linear 
decrement in the microflocs fraction in the laminar flow when E/C < 2%, which disappears in the other 
flow conditions and other clay minerals. Noteworthy is that Ca-mont microflocs can form without the 
addition of guar. Therefore, the PSD kinetics of the guar and Ca-mont mixtures in different flow 
conditions is very complex: in the laminar flow condition, all the original pure clay microflocs, flocculi, 
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and primary particles can contribute to the formation of macroflocs with guar. In the transitional and 
turbulent flow conditions, however, the aggregation from microflocs to macroflocs is fairly difficult, 
where microflocs are dominant in the mixture. In Figure 4.8(b), the mean sizes of all groups of particles 
remain constant in three flow conditions, although the microflocs group’s mean size increases slightly 
with the E/C (i.e., from 45 to 85 mm). 
  
Figure 4.8. Effect of the hydrodynamic forcing on the PSD kinetics of Ca-mont and guar flocs at varying 
E/C: (a) fraction of each group; (b) mean size of each group.  
 
Figure 4.9, the deconvoluted PSD data of Na-mont and guar mixtures show another feature: (1) 
the increased hydrodynamic forcing cannot prohibit the aggregation between Na-mont primary particles 
and guar, but it does retard the interaction. In the laminar flow condition, 1% guar can significantly 
reduce the fraction of primary particles to nearly zero; while in the transitional and turbulent flow 
conditions, the requirement for aggregating all primary particles is increased to 5%; (2) the 
hydrodynamic forcing attributes to the final fraction of flocculi in the Na-mont and guar mixture; 
aggregation from flocculi to micro and macro flocs is significantly interrupted as the aqueous system 
involves in more turbulence, i.e., at E/C = 20%, the fraction of flocculi in the laminar flow is 3%, in the 
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transitional flow it is 23%, while in the turbulent flow it is 40%, and this value is similar with fraction of 
flocculi in the pure Na-mont suspension; (3) due to the significant influence of the hydrodynamic 
forcing on the primary particles and flocculi flocculation process, the final fractions of macroflocs and 
microflocs in the mixture are consequently reduced. The increased water mixing energy manifests a 
delay in the presence of macroflocs and microflocs. According to Figure 4.9(b), the mean size of each 
particle group remains also nearly constant at different E/C, except that a slightly increase in flocculi 
size in the turbulent flow. 
  
Figure 4.9. Effect of the hydrodynamic forcing on the PSD kinetics of Na-mont and guar flocs at 
varying E/C: (a) fraction of each group; (b) mean size of each group.  
 
4.4 Discussion 
4.4.1 Flocculation Index 
Based on the experimental data, it is interesting to estimate the critical E/C that can give rise to 
the maximum fraction of both microflocs and macroflocs. As the primary particles and flocculi 
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exopolymer is introduced, a flocculation index (IF) is induced to describe the degree of aggregation from 
primary particles and flocculi to the micro sized flocs (regardless the floc is macrofloc or microfloc). 
The FI is defined as the ratio between the fractional sums of the microflocs (AMiF) and macroflocs (AMaF), 
and the fractional sums of the primary particles (APP) and flocculi (AFL), as shown below: 
 
FLPP
MaFMiF
F
AA
AA
I


  (4.9) 
Figure 4.10 summarizes the evaluated IF versus E/C for kaolinite and xanthan mixtures. Two 
outstanding features are noticed: (1) the tremendous decrease in IF occurs after the hydrodynamic 
forcing is increased; (2) a higher E/C is required when IF reaches its maximum value in the turbulent 
flow condition. For the kaolinite and xanthan mixtures, flocculation is remarkably sensitive when adding 
a small amount of xanthan, while the formed micro sized flocs are as weak as to easily breakdown under 
higher water mixing energy. For example, the maximum IF (~11.6) in the laminar flow occurs at E/C = 
1%, while IF is significantly reduced to 2 at E/C = 1% when in transitional flow condition. And further, 
once the flow condition in the system reaches turbulence, maximum IF (only 0.4) is obtained when E/C 
is 5%. The shifting and reduction of the maximum IF values suggest that flocculation in the aqueous 
system with high water mixing energy rarely happens. In other words, most of the micro sized kaolinite 
and xanthan macroflocs and microflocs cannot successfully survive in the water environments with high 
hydrodynamic forcing.  
 
Figure 4.10. Flocculation index for kaolinite and xanthan mixtures.  
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Further noteworthy is the relationship between IF changes and the types of clay minerals with 
different properties (e.g., the amount of layer charges, SSA, Table 3.1). Because introduction of xanthan 
fails to alter the PSDs of illite, Na-mont, and Ca-mont suspensions, it is difficult to assess how the IF 
varies with the clay types. For guar, previous study in the laminar flow condition has indicated that the 
critical E/C for the maximum percentage of macroflocs decreases when increasing the layer charge of 
clay minerals. However, further IF evaluation (Figure 4.11) deserves the more profound understanding 
of the phenomenon and floc stability in various water environments.  
 
Figure 4.11. Flocculation index for clay and guar mixtures.  
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increasing water mixing energy when E/C exceeds 5%. On the other hand, Na-mont, which has the 
highest IF with guar in laminar flow condition, is very sensitive to the shear stress in the fluid: as the 
maximum flocculation occurs at E/C = 10% with IF = 26 in the laminar flow, it is quickly decreased to 
1.2 at the same E/C when the surrounding environment experiences turbulence. Same phenomenon can 
be observed in the kaolinite and guar mixtures and the Ca-mont and guar mixtures. Both mixtures yield 
the higher IF in the laminar flow, but drop dramatically when the water mixing energy increases. In 
general, the critical E/C is only an indicator where the maximum possibility of macroflocs or microflocs 
could occur, yet it can be employed to describe neither the degree of flocculation nor the stability of 
formed flocs suffering hydrodynamic shearing. In order to better evaluate the flocculated particle 
stability, IF is a must addition to the critical E/C to better evaluate clay and exopolymer mixtures 
flocculation behavior. 
4.4.2 Composition and Structure of Different Particle Groups 
The decreasing IF with increasing hydrodynamic forcing should attract more attention to discuss 
about the floc stability in aqueous environment, or in other words, to think about the survivability of the 
links between the clay minerals and the exopolymer functional groups. The above experimental results 
on the pure clay suspension have demonstrated the PSD kinetics of cohesive sediments affected by 
hydrodynamic forcing (Figure 4.3). Except for kaolinite whose PSD is slightly affected by the weak 
face-to-face adherence from primary particles, all the pure clay minerals show little change regardless of 
the flow conditions. As such, pure clay primary particles and flocculi are considered non-breakable in 
clay and exopolymer mixtures, although they can aggregate to grow in size by adding the exopolymer 
(e.g., guar) as flocculants. 
Figure 4.12 shows the schematic illustration of how different particle groups evolve for the 
studied clay-xanthan suspension, when the flow conditions transfers from laminar to turbulence. For 
kaolinite-xanthan mixture at an E/C = 5% (Figure 4.12(a)), macroflocs contribute to 1/3 of the particle 
population with the mean size around 12 times bigger than flocculi; while the microflocs with a mean 
size about 4 times larger than flocculi have 54% attribution. As the flow condition changes to turbulence, 
all macroflocs are broken down into microflocs, flocculi, and primary particles at a ratio of 0.2 : 2.2 : 1, 
accompanied by the reduction in microflocs mean size to only half of the diameter of the flocculi. 
Accordingly, xanthan acts as a bridging agent that links kaolinite flocculi together to form microflocs 
and links microflocs to form macroflocs. In Figure 4.12(b), adding xanthan to the other three clay 
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mineral suspensions does not change the PSD considerably, and xanthan is also dispersed in the 
suspension. However, a special feature for Ca-mont is that microflocs already exist in the pure Ca-mont 
suspension, and these microflocs may not contain xanthan as a bridging agent to link flocculi. Such 
structure is different from that of the microflocs in the kaolinite-xanthan suspension, where the 
microflocs contain EPS as the bridging agent. As such, changing water mixing energy has little effect on 
the PSD kinetics of those clay-xanthan mixtures. 
 
 
Figure 4.12. Schematic illustration of the effect of hydrodynamic forcing on the composition, structure, 
and population of different particle groups in the four clay and xanthan suspensions at E/C = 5%. The 
values above each cartoon shows the ratio between different particle groups, i.e., PP : FL : MiF : MaF. 
PP: primary particles; FL: flocculi; EPS: exopolymer; MiF: microflocs; MaF: macroflocs. 
 
Figure 3.13 shows a similar illustration for guar. For kaolinite, compared with xanthan, kaolinite 
and guar macroflocs are much stronger. That is, once macroflocs are formed in the mixture, not all the 
kaolinite-guar macroflocs are broken up due to the increased hydrodynamic forcing. For illite, with no 
macroflocs being formed, the mean size of microflocs is slightly greater than the other clay minerals, 
especially in the turbulent flow condition. That is, if the flocculi have a mean size d in pure clay 
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suspension in the laminar flow condition, then the microflocs formed in the turbulent flow by kaolinite, 
Ca-mont, and Na-mont have the mean size of 4-5d, while the illite-based microflocs have the mean size 
of 6d. The particle size kinetics of the two montmorillonites is similar, i.e., huge macroflocs (~20d) are 
formed in the laminar flow, the mean size of the macroflocs is reduced slightly in the transitional flow, 
and finally all macroflocs are broken in the turbulent flow condition.  
 
 
Figure 4.13. Schematic illustration of the effect of hydrodynamic forcing on the composition, structure, 
and population of different particle groups in the four clay and guar suspensions at E/C = 20%. The 
values above each cartoon shows the ratio between different particle groups, i.e., PP : FL : MiF : MaF. 
PP: primary particles; FL: flocculi; EPS: exopolymer; MiF: microflocs; MaF: macroflocs. 
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Reduction in the flocs size is an important feature for studying the particle size kinetics despite 
of group’s fraction change. Reduction in kaolinite flocculi size depicts an unstable structure of face-to-
face adherence; while other three clay minerals have unbreakable flocculi in EPS suspensions. The 
growing size of Na-mont and guar flocculi, on the other hand, implies a much stable bridging link being 
established to hold the particles inside a flocculus together. However, when the flocculi in the clay and 
EPS suspension further aggregates to form micro and macro flocs, the interactions are weakened 
probably due to increased flocs sizes, as such, micro and macro flocs are sensitive to hydrodynamic 
forcing. The size and fraction (e.g., IF) are both decreased by the increasing water mixing energy. 
4.4.3 Clay-Exopolymer Interaction Affected by Hydrodynamic Forcing 
Dilute clay suspensions can be regarded as colloidal dispersions. The complex nature of clay-
polymer interactions has been documented extensively (Theng 1982; Theng 2012). A detailed 
discussion of how the two EPS interact with the four clay minerals in dilute suspensions is out of the 
scope of this study. Here the focus is to discuss exclusively the clay-EPS floc stability in suspensions 
based on the above PSD results. In Table 4.2 the hydrodynamic conditions has been summarized inside 
the PSA circulation system under different pump rates. The resulting maximal shear stress is estimated 
using a typical 200 μm macrofloc particle. Clearly, the mixing energy in the circulation flow contributes 
to the macroflocs breakup, that is, pipe circulation introduces the max shear on the floc surface. As such, 
in the following discussion, only the pipe flow introduced shearing stress is considered. 
For kaolinite and xanthan flocs, the electrostatic attraction brings clay particulates and xanthan 
molecules together, allowing the attachment of xanthan molecules to the kaolinite surface via 
electrostatic attraction between the kaolinite edge and xanthan molecule, or the hydrogen bonding 
between the kaolinite face and xanthan molecule (Potter et al. 2005; Theng 1982). In this aggregation 
process, xanthan molecules serve as the bridging links that hold kaolinite particles close to each other to 
form microflocs and macroflocs. However, with the increasing hydrodynamic forcing, the van der Waals 
attractions provided by the xanthan bridging links can no longer counterbalancing the hydrodynamic 
shear stress exerted on the floc surface, causing the breakup of macroflocs to microflocs or even flocculi. 
A transition from the laminar flow to the transitional flow and eventually the turbulent flow condition 
inside the PSA circulation systems can destroy all the kaolinite and xanthan macroflocs and most of the 
microflocs, resulting in an equilibrium between microflocs (with a fraction of 15% to 30%) and flocculi 
(with a fraction of 65% to 80%) in the mixture. Moreover, when the E/C increases, a critical E/C value 
73 
 
(~5%) is present where steric stabilization (Adachi et al. 2012) caused by “over-adsorbed” microflocs 
yields the highest microflocs fraction in the kaolinite and xanthan mixture in the turbulent flow 
condition. The easy breakup of macroflocs and microflocs indicates a very weak clay-EPS interaction 
between the kaolinite particles and xanthan molecules. 
For neutral guar, the formation of clay-EPS flocs is mostly driven by an increase in entropy after 
adding guar into the clay suspension (Theng 1982). Guar can act as a bridging agent connecting primary 
particles and flocculi to form microflocs, and further connecting microflocs and flocculi to form 
macroflocs, due to the attraction resulting from the van der Waals forces and H bonds (i.e., formed 
between the -OH functional groups of guar and the silanol and aluminol groups on the clay surfaces) 
(White 2006). Although all four clay minerals tend to flocculate when neutral guar is added as flocculant, 
a detailed examination of the individual clay-EPS PSD results indicates the significant difference stem 
from clay charges, E/C ratio, and most importantly, the hydrodynamic forcing. Firstly, the capability to 
form macroflocs is dependent on the surface charges carried by clay minerals. For example, no 
macrofloc is formed between illite and guar, which is probably due to its highest layer charge that 
prevents microflocs from closely approaching each other. Secondly, more macroflocs can be generated 
if more guar is added to the mixture, as long as its concentration does not exceed the critical value that 
may lead to steric dispersion (Pawlik and Laskowski 2008). Finally, increasing the water mixing energy 
significantly retards the macroflocs formation process, i.e., the higher E/C value is required to generate 
clay-guar macroflocs (Figure 4.6, Figure 4.8 and Figure 4.9) and microflocs (Figure 4.6 - Figure 4.9).  
In dilute clay and EPS suspensions, the strongest force out of all the clay-clay, EPS-EPS, and 
clay-EPS interactions is the Coulomb or electrostatic force, while the van der Waals forces and H bond 
play a secondary role. However, when other stronger interactions are absent, van der Waals and H bond 
can still generate considerable modifications to the suspension’s PSD kinetics. On the other hand, the 
hydrodynamic forcing imposes a strong shearing stress on the floc surface which tends to separate the 
particulates away from each other. As such, in order to overcome the exerted shearing force, more van 
der Waals attractions and H bonds are required to keep the flocs aggregated in highly turbulent 
suspension, which leads to the delayed flocculation in the clay-guar suspensions. However, by 
increasing the E/C, steric stabilization also takes place, which eventually limits the fraction of 
macroflocs in dilute suspension. As a result of both steric stabilization and hydrodynamic disturbance, 
the flocculation process in dilute clay-exopolymer suspensions is further constrained (e.g., smaller 
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growth in macroflocs fraction and decreasing in size) or even prohibited (e.g., no macrofloc is present in 
Ca-mont and guar suspension when the E/C is 20%).  
4.4.4 Implications for Sediment Analysis and Modeling 
Results from the aforementioned laboratory study point out the complex dynamic nature of the 
PSD of suspended cohesive sediments in organic matter or EPS-bearing natural waters, as well as how 
the PSD is affected by the hydrodynamic mixing energy in the aqueous system. Understanding of such 
complex particle size kinetics has practical implications for both sediment analysis and sediment 
transport modeling. 
Generally, suspended cohesive sediments in natural waters exhibit structured, multimodal PSDs 
resulting from the complex molecular and interfacial forces between clay particles and organic matter 
such as EPS. Therefore, for sediment analysis and modeling, applying one or several parameters, such as 
the mean size d50 and other characteristic sizes, d60 and d10 (the sizes at which 60% and 10% of particles 
are finer, respectively), cannot provide an accurate, definitive description of the sediment size 
characteristics and PSD kinetics, as well as sediment size change due to the hydrodynamic mixing. 
Instead, the PSD should be quantitatively described by several, mostly four structured particle groups 
(i.e., primary particles, flocculi, microflocs, and macroflocs) with the corresponding mean size and 
standard deviation for each group. In addition, sediment size kinetics affected by the hydrodynamic 
mixing should also be addressed within each individual group to emphasize the different floc strength of 
each group. In particular, for modeling of cohesive sediment transport, a wide range of particle sizes, 
ranging from primary particles (usually small), flocculi (usually relatively strong), microflocs, to 
macroflocs, should be incorporated into the sediment transport algorithms, and the flocculi should be 
considered relatively strong and non-breakable into the smaller primary particles, although they are 
allowed to interact with the other three particle groups to form the larger but weaker macroflocs and 
microflocs. 
The second implication is that the significance and effect of sediment compositions and EPS 
species should not be underestimated in the flocculation process. And moreover, the influence of the 
hydrodynamic mixing in fluid should also be well taken into account in sediment analysis and transport 
modeling. Most natural waters contain a large array of different clay minerals and numerous types of 
organic matter or EPS species, and the aqueous systems have various hydrodynamic mixing energies. 
According to the above results, changes in the EPS species or the concentration of the same type of EPS, 
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together with transitions in flow conditions will alter the flocculation and PSD kinetics of suspended 
cohesive sediments. For instance, macroflocs can be generated in natural waters where kaolinite is rich 
and low concentration of anionic EPS such as xanthan is present; however, they can be destroyed easily 
by hydrodynamic mixing when the higher hydrodynamic forcing is introduced or disaggregate if the 
environment is in favor of microbiological activities with a higher EPS concentration. Similar behaviors 
can be observed in natural waters where clay minerals are rich and neutral guar is dominant. Although 
different clay minerals may have different potentials to form macroflocs and microflocs, the flocculation 
processes are all affected or controlled by water mixing and EPS concentrations. In summary, the effect 
of EPS and other organic matters, as well as the hydrodynamic disturbance on the PSD kinetics and 
sediment transport modeling should never be underestimated. 
4.5 Conclusions 
A laboratory study is conducted to investigate the effect of EPS, a type of organic matter of the 
microbiological origin, on the particle size kinetics of suspended cohesive sediments. The discussed 
model consists of four clay minerals abundant in natural waters, kaolinite, illite, Ca-mont, and Na-mont, 
and two EPS, anionic xanthan and neutral guar. PSDs are obtained from clay-EPS suspensions with the 
varying E/C in various flow conditions (e.g., laminar, transitional and turbulent flow) simulated in the 
laser-based particle size analyzer. The analysis focuses on the PSD response to hydrodynamic forcing in 
the PSA system which gives rise to the following conclusions. 
Both pure clay and clay-EPS suspensions exhibit multimodal PSD that can be statistically 
deconvoluted into the subordinate unimodal lognormal distributions corresponding to several 
characteristic particle groups, primary particles, flocculi, microflocs, and macroflocs. Such 
deconvolution quantifies the mean size and fraction of each particle group, leading to intensive 
understanding of the PSD kinetics. In general, pure clay suspensions consist of mainly primary particles 
and flocculi, while adding EPS to the clay suspension causes the formation of microflocs and macroflocs 
and the fractional reduction of flocculi and primary particles. However, these changes caused by the 
EPS are highly dynamic and dependent upon the polarity of clay minerals and EPS as well as the EPS 
concentration. Increasing the hydrodynamic mixing energy retards the formation of macroflocs which 
reduces the final fraction of both macroflocs and microflocs. In summary, the clay minerals rich in 
natural waters, the EPS species dominant in aquatic environments, EPS species concentrations and 
relevant E/C ratios, as well as the hydrodynamic conditions of the water environments all contribute to 
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the flocculation process occurred between clay and EPS which can consistently alter the PSD kinetics of 
the suspension. 
Increasing water mixing energy imposes the higher shearing stresses on the flocs surface, which 
introduces a resistant force that counteracts with the van der Waals attractions and H bonding generated 
between clay and EPS. As such, more van der Waals attraction and H bonding are needed to overcome 
the resistant force in order for the micro sized flocs to be formed. Therefore, more EPS is required to 
counterbalance the hydrodynamic resistance to form macroflocs or microflocs. However, in addition to 
increasing the magnitude of van der Waals attractions and H bonding, the gradually accumulated EPS on 
the flocculi and microflocs surface can also lead to flocs disaggregation due to the increased Coulomb 
repulsion and steric stabilization. As such, the changes in both the E/C and hydrodynamic mixing energy 
will lead to complex dynamic changes in the PSD of cohesive sediments.  
The large EPS molecules primarily act as bridging agents to link the flocculi and primary 
particles to form microflocs and macroflocs. However, such a bridging action depends upon whether the 
parts (e.g., functional groups of a side chain) of an EPS molecule can be adsorbed onto clay surface via 
relatively short-range interactions (e.g., H bonding, vdW, and Coulomb attraction) and how strong the 
interaction is when compared with the hydrodynamic shearing force caused by water mixing. The 
impact of hydrodynamic forcing will not only retard the macroflocs formation, but also breakup weak 
macroflocs to microflocs or even flocculi. These findings also indicate the importance of hydrodynamic 
conditions of the aquatic environments, the organic matter (particularly EPS) and the corresponding 
concentrations in controlling the PSD kinetics, as well as the knowledge of the complex compositions of 
suspended cohesive sediments in natural waters. 
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CHAPTER 5. NANO-MECHANICS: A NOVEL TECHNIQUE TO 
INVESTIGATE THE MECHANICS OF COHESIVE SEDIMENT FLOCS 
5.1 Introduction 
High concentration of suspended cohesive sediments in riverine, coastal, and marine waters are 
the major constituents in littoral environments. Different from sandy counterparts, fine-grained cohesive 
sediments in natural waters show up as complex structured, tenuous, and fractal micro flocs (Furukawa 
et al. 2009; Hill 1998; Kranenburg 1999). Flocs arise from Brownian motion, differential settling, and 
collision, which are affected by the hydrodynamic mixing in water. In aqueous system, flocs settle faster 
in certain order of magnitude than the primary clay particles (Huang 1993). After settling to the bottom, 
flocs are the major load-bearing units that make up the force-transmittal skeleton of cohesive mud, 
which affect the subsequent compaction, consolidation, and dewatering of bottom beds and their 
geotechnical and geophysical properties (Hermawan et al. 2003; Hermawan et al. 2004). These 
processes also affect the erosion and re-suspension of bottom beds that consist of the settled flocs. Floc 
stability in the aqueous environment is also a critical operational parameter in the solid/liquid separation 
techniques for efficient removal of aggregated particles (Jarvis, Jefferson, Gregory, et al. 2005). 
Furthermore, flocs also affect the remote sensing of and optical processes in littoral environments. For 
remote sensing, flocs affect the elastic and electromagnetic wave propagation and attenuation in the 
water column (Dunlop 1988). For the optical process, flocs can alter water column turbidity and light 
reflectance in a fashion different from the primary particles or pure water (Green and Blough 1994; 
Hatcher et al. 2001). Moreover, flocs in ocean sciences are the major source of “marine snow”, which is 
regarded as carriers of many nutrients and microorganisms, affecting the ecological and biological 
behavior of the entire ocean mass transport and energy transmission (i.e., nutrient transport) (Hill 1998). 
In summary, the study on the floc mechanical properties (floc strength or floc survivability in water 
column) is directly relevant to all engineering application, including cohesive sediment transport, water 
bed consolidation and compaction, water treatment, aqueous bio-system, optical processes, and remote 
sensing in littoral environments.  
The floc formation is a highly dynamic process controlled by the internal micro/nano-scale 
interactions and external forces exerted on the exterior surface. The internal forces are the nanoscale 
surface and interface interactions among the multiple phases of a floc: water, clay particles, organic 
polymers molecules, and cations (e.g., Na
+
, Ca
2+
, etc.). These interactions include, but are not limited to, 
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van der Waals force, Coulombic force, hydrogen bonding, cation hydration, polymer cross-linking, 
cation bridging, and double layer repulsion on clay surfaces, etc. The floc strength is dependent upon the 
inter-particle bonds between the components of the aggregate (Bache et al. 1997), which includes both 
the strength and number of individual bonds within the floc. The external forces are the interfacial forces 
imposed by the flow shear stress at floc surface, and floc-to-floc collision induced normal and shearing 
forces. External forces, such as settling and turbulence-induced shearing actually limit the survivability 
of a given sized floc via breakage (Kobayashi et al. 1999). As such, cohesive sediment transport and 
hydrodynamics are dominantly controlled by floc breakage or strength, and the final floc that can 
survive in water column is the balanced outcome between the aforementioned forces. That is, a floc will 
break if the stress applied onto its surface is larger than the bonding strength within the floc (Boller and 
Blaser 1998). 
Table 5.1. Floc strength and discrepancy reported in the literature. 
Method Size (μm) Strength Reference 
Impeller N/A 0.58 N/m
2
 Li et al. (2006)  
Centrifugal method 370 13 nN Muhle and Domasch (1991)  
Multigrid 
 
900 0.27 N/m
2
 Bache et al. (1995) 
 
238 0.08 N/m
2
 
182 0.16 N/m
2
 
143 0.29 N/m
2
 
120 0.42 N/m
2
 
Micromechanics 40 64 nN Yeung and Pelton (1996)  
 40 110 nN  
Micromanipulation 2.5 6 μN Zhang et al. (1999)  
 
Although many experimental and numerical studies on the floc strength have been reported in 
the literature where important role of floc breakage in dictating cohesive sediment hydrodynamics has 
been recognized (Dyer and Manning 1999; Jarvis, Jefferson, and Parsons 2005; Jarvis, Jefferson, 
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Gregory, et al. 2005; Maximova and Dahl 2006). Owing to the inherent complexity, fragility and 
variation in the floc size, shape and composition of cohesive sediment flocs (i.e., typically soft and small 
(10-500 μm), randomly integrated, and multiphase composites), previous efforts were made indirectly 
(e.g., via observation of floc breakup under turbulent shear flow that was used to estimate floc strength) 
(Table 5.1), and an in-depth understanding of floc mechanics is to be developed. Table 5.1 indicates that 
significant discrepancy arises from these results, leaving it a significant challenge to determine the 
mechanical properties of the micro flocs experimentally and study the nanomechanics of the individual 
flocs and floc-to-floc interactions, simply due to the difficulty in manipulating the tiny, tenuous objects 
and the requirements for the high resolution force (tens of nN) and displacement sensors. Moreover, the 
complex nature is involved in both the microstructure and surface/interface forces binding the clay 
particles and exopolymer molecules to form a floc, which makes it more difficult to correlate the floc 
strength with the nanoscale surface and interfacial interactions inside a floc (Furukawa et al. 2009; 
Matsuo and Unno 1981). Therefore, determination of the mechanical properties of the soft, tiny flocs 
requires nanomechanical instruments with the high resolution (e.g., nN, nm) sensors, while the results of 
nanomechanical measurements needs to be analyzed and understood using the theories of the nanoscale 
surface and interface forces. To experimentally study the mechanical properties of the marine flocs, It is 
necessary to design an environmental cell for the nano/micro mechanical and biomechanical testing to 
conduct compression or tension tests on soft sediment aggregates that include the clay and polymers 
mixed in fresh and salt water  that are retained in the liquid of the same salinity. Currently, compression 
tests are not conducted on small aggregates that are comprised of soft and low-strength materials. Also, 
there is no current technology available that can quantify the Young’s modulus of these grains. So far 
these measurements are not conducted on soft, low-strength, materials. This study focuses on developing 
an innovative nanomechanical approach to investigate the mechanical properties of cohesive sediment 
micro flocs explicitly. Future efforts will be made to carry out a comprehensive study covering more 
intensive experimental and analytical work regarding the impact of the salinity and exopolymer (e.g., 
different polarity and concentrations) on the flocculation process and floc strength. 
5.2 Experimental Design 
5.2.1 Development of the Floc Compression Testing 
Owing to the tiny size and soft nature of flocs, high resolution load and displacement 
measurements are required to accomplish the task of determining explicitly the strength-deformation 
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properties of the individual flocs under compression, which is the mode of deformation when flocs are 
colliding in suspension or compacted on the bottom beds. Therefore, a state-of-the-art nano UTM (see 
section 5.2.2) will be adopted to fulfill the requirement. Figure 5.1 depicts the details about the 
developed floc compression testing approach.  
 
Figure 5.1. Setup for floc compression testing in a nano UTM. 
 
Firstly, the fluid cell is filled with the in-situ water (volume where the flocs are formed) to the 
2/3 full. Carefully selected individual sphere floc is then transferred to the substrate using a pipette (for 
relatively large flocs, e.g., > 100 μm) or micromanipulator aided by the high-magnification optical 
microscope (for smaller flocs). After imaging to obtain the size and shape of the target flocs, 
compressive load is perpendicularly applied on floc through a flat punch. During the compression 
testing, load and displacement will be recorded and analyzed subsequently to derive the breakage 
strength. Finally, the extensive statistical study will be conducted to examine the floc strength. 
5.2.2 Instruments 
The nano UTM (nano universal testing machine) T150 (Figure 5.2(a)) was purchased from 
Agilent
®
. The system illustrates the accurate and real-time mechanical properties of the finest of scales 
which is capable of characterizing a variety of materials. In general, the system can apply the nominal 
maximum load of 500 mN with resolution as small as 50 nN. The maximal nanomechanical actuator 
displacement is ± 1 mm with displacement resolution < 0.1 nm. The maximal crosshead extension is 200 
mm with extension resolution of 35 nm. The extension rate of the crosshead ranges from 0.5 μm/s to 5 
mm/s. Using the high resolution of load and displacement measurement, together with the technologies 
of nano indentation, the system provides continuous collection of data, while maintaining the high 
quality in repeatability, consistency and performance. In order to run compression testing on tiny flocs 
in fluid, the UTM is setup at an up-side-down mode (Figure 5.2(b)). Then the UTM is set on top of a 
Flat punch 
Solution with varying salinity 
Clay particles 
Polymers 
Sediment floc 
Compression load 
Fluid cell 
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“floating-on-air” vibration isolation table to minimize the noise caused by surrounding environment 
(Figure 5.2(c)). A fluid cell is installed on the crosshead (Figure 5.2(c)) to serve as the environmental 
cell that helps keep flocs in fluid during the compression testing. Finally, a microscope with a video 
camera is coupled with the nano-UTM system to enable the capability of recording the floc’s size and 
shape before and after compression, as well as the real-time floc deformation images.  
 
Figure 5.2. Setup for floc compression testing with the nano UTM. 
 
The compression testing is operated at the “zero-displacement” mode. In this mode, the flat 
punch (attached on the actuator) is held exactly at its central plate position by adjusting the current to the 
voice coil which controls the displacement of the actuator. Consequently, when an external force is 
applied to the actuator (i.e., flocs are compressed by the punch), the current to the voice coil is adjusted 
(via a Proportional-Integral-Derivative (PID) feedback control loop) to counterbalance the imposed 
forces. As such, the load on the specimen is measured. The deformation of the specimen is determined 
by the displacement of the crosshead plus/minus the minor displacement of the actuator; the latter is 
caused by PID gains which are updated in time intervals. 
5.2.3 Design of the “Environmental Cell” 
The objective of developing the patent “System and Method for Testing of Micro-Sized 
Materials” is to create a new device that can be used in nano/micro mechanical testing of the individual 
small particles in sizes ranging from ~10 to 500 μm. Other objectives include: (1) to facilitate 
compression testing on the soft sediment aggregates that are comprised of the clay and polymers mixed 
in fresh and salt water (i.e., flocculated sediments or “flocs” for short); (2) to facilitate, once expanded, 
biomechanical testing of biological materials, such as cells, bacteria, tissues; (3) to facilitate imaging the 
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deformation process in real-time that can be correlated with force curve generation; (4) to enable data 
collection on sediments; and (5) to use the compression data in Discrete Element Models of the granular 
interactions. 
    
Figure 5.3. The patent “environmental cell”: (a) 3D CAD illustratoin; (b) orthographic projections (top 
view and front view). 
 
 
Figure 5.4. The nano-UTM system. 
 
Figure 5.3 shows a detailed illustration of the design of the fluid cell. The four side plates of the 
environmental cell are made of the acrylic plate. Plates are glued together using acrylic solvent. The 
base plate is made with the delrin plate which is glued to the side plates using 3M 5200 adhesive sealant. 
Two 10X glass magnifying lenses are glued in place (the front and right side) using 3M 5200 adhesive 
sealant in side plates. The sample support rod is made of 316 stainless steel and sealed with two O-rings 
(No. 2-006) when it is placed inside the base plate. The top of the rod serves as the sample stage for 
compression testing. The flat punch is made of the same stainless steel rod with a particular diameter < 2 
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mm. Once the environmental cell is manufactured, it is mounted onto the crosshead of the nano-UTM 
(Figure 5.2(c) and Figure 5.4). The purpose of using the two magnifying lenses is to assist with the 
micro-positioning of the specimen to ensure that it is aligned exactly under the flat punch tip before 
testing (by adjusting the two stage fine-manipulator knobs, see Figure 5.4).  
5.2.4  “Zero-Displacement” Mode Compression Testing 
As the compression testing is performed under the “zero-displacement” mode, the nano-UTM 
sensing system (or the actuator, where the flat punch is attached) does not move when the external 
forces are applied (e.g., flocs are being compressed) and the feedback loop driving the actuator is 
controlled through PID parameters. The PID control parameters are, in brief, the proportional term 
(proportional to the zero-displacement position error of the punch tip - speed), the integral term 
(proportional to accumulation of the zero-displacement position error along with time - displacement) 
and the derivative term (proportional to difference of the zero-displacement position error along with 
time - acceleration). 
Table 5.2. Variables used at “zero-displacement” mode for compression testing. 
Name Symbol Unit Values Description 
Frame 
stiffness 
k’ N/m Pre-calibrated Stiffness used to account for slight deformation in the 
test frame that occurs when applying load to specimen 
Support spring 
stiffness 
k N/m Pre-calibrated Stiffness of the leaf springs which support the flat 
punch at its zero position 
Segment   Recorded: 
Load, Hold,  
Unload 
Identifies segment 
type for post-test 
analysis Controlled Compression Curve 
 
Time t s Recorded Time during the 
experiment 
Stage position Δ mm Recorded The instantaneous 
value of the stage 
position  
Raw load F mN Recorded Raw force applied 
electromagnetically 
to the punch 
Punch position δ nm Recorded Absolute position of 
the punch tip relative 
to its zero position 
Stage takeup 
rate dt
d
 
μm/s Input 


C
dt
d
1 μm/s 
Load  P mN Calculated The load during the experiment 
Deformation d μm Calculated The deformation during the experiment 
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*Note 1: all variables are converted to base units in the international System of Units (SI) before data reduction; 
*Note 2: the absolute values of both the stage position and punch position decrease during compression testing 
 
The compression method, which is not provided by Agilent, is coded accordingly. Table 5.2 
summarizes all the basic variables used during one compression testing under “zero-displacement” mode 
and the controlled displacement curve over time. Among those variable, the two stiffness values are the 
calibration for the support frame (k’) and the support spring of the actuator (k), respectively. Considering 
the soft property of the specimen, the support frame stiffness is set to equal to infinity. The support 
spring stiffness is pre-calibrated following a calibration procedure provided by the nano UTM system 
before the compression testing is conducted. To ensure the accuracy of the measurement, the stiffness is 
calibrated periodically (e.g., every one month or after punch changes). 
The two important variables, load and deformation, are calculated based on the recorded 
experimental data. Their formulas are: 
 )()( 00   kFFP  (5.1) 
 '/)()( 00 kPd    (5.2) 
where the subscript “0” represents the starting point of the experiments, i.e., either the contacting instant 
between the punch and specimen surface during one experiment (for stiffer specimen), or the time 
instant determined by the user (for extremely soft material) from which both raw load and raw 
displacement are ready to be recorded. The experimental procedure for compression testing on flocs is 
depicted in Figure 5.5. 
5.2.5 Method Validation 
The environmental cell and the compression testing codes are firstly validated by deriving the 
elastic young’s modulus of soft materials with known properties, including (1) industrial materials such 
as Teflon (PTFE), Neoprene rubber and closed cell foam rubber; and (2) biomaterials and geomaterials 
such as tofu and certo gelatin (Figure 5.6). The perfect match between the reported elastic moduli and 
the values derived from the compression testing (Figure 5.7) indicates that the method is well coded and 
the developed nano UTM system can be adopted to conduct the compression tests on soft materials, in 
order to investigate the mechanical properties. 
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Figure 5.5. Compression testing procedure. 
 
 
 
Figure 5.6. Materials analyzed for method validation. 
 
 
Fill the environmental cell with the desired volume of saturating fluid 
Attach the sample support rod threads to the threaded rod on the sample stage 
Ready for data reduction 
Free the compression punch cell for movement from its flagged position (manual operation) 
Align the sample punch with the floc (or sample to be evaluated) by rotating the knobs on the 
micromanipulator stage –  use the magnifying lenses to assist viewing the alignment 
Run the computer established compression test 
Migrate the environmental cell upwards towards the sample punch (computer controlled) 
Install flocs (or samples to be evaluated) on the sample support rod 
(b) Biomaterials 
(a) Industrial 
Materials 
Teflon (PTFE) Neoprene Rubber 
 
Closed Cell Foam Rubber 
 
Tofu Certo Gelatin 
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Figure 5.7. Derived elastic moduli of materials and comparison to reported values. 
Data sources: 
#
 http://www.matbase.com/material/polymers/engineering/ptfe/properties 
^
 http://www.ccm.udel.edu/Personnel/homepage/class_web/Lecture%20Notes/Materials_Selection/unit1pres.pdf 
* 
http://www.nanovea.com/Application%20Notes/compressionmeasurement.pdf 
¥
 Ishiguro et al. 2008; Liu et al. 2004.  
£
 Markidou et al. 2005; Samani and Plewes 2007. 
 
5.3 Floc Compression Testing 
5.3.1 Load versus Deformation Curve 
An effort to initiate the full scale compression testing on the natural cohesive sediment flocs has 
also been taken by well securing the selected round marine floc onto the supporting rod and aligning it 
with the punch tip. Owing to the highly structured and extremely soft property of those marine flocs, it is 
impossible to detect the contact point at which compressing on floc surface starts (which is the same as 
the surface detection procedure in the nano indentation experiments). Therefore, the compression 
program is manually initiated by the operator who will make decisions on the point when the raw load 
and displacement will be collected. Generally, a gap about 50-150 μm is allowed between the punch tip 
and the top of the floc before running the compression testing and starting data collection (Figure 5.8(a)), 
which is achieved by monitoring the real time images from the horizontally installed microscope. The 
obtained load versus deformation curve from this point until the actual contacting point (which is 
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determined later) reflects the environmental noises introduced by the buoyance force and surface tension 
force applied to the submerged punch. The slope of this part actually serves as the background baseline 
for the consequent compression testing on flocs, which must be carefully examined by taking the 
average of three individual measurements in fluid ahead of the real compression testing. The floc 
compression testing is then carried out by slowly taking up the stage driven by the program-controlled 
motor at a fixed rate of 1 μm/s, where the load and deformation variables are then calculated according 
to the recorded variables (Figure 5.8(b)). Finally, the true load on floc versus floc deformation 
relationship is obtained by the post-test data reduction process, which removes the baseline from the 
whole load-deformation data. This will generate the load on floc versus floc deformation curve for 
analytical study for floc breakage strength (Figure 5.8(c)). And most importantly, the contacting point is 
also determined in the post-test data reduction process by identifying the point from which the load 
versus deformation curve departs from the baseline, which is in turn verified by the real time images 
(Figure 5.8(b)) captured at the same time. As the load on flocs and floc deformation are the two 
variables used for further mechanical analysis, P and d will be used for representing those two values 
instead of P’ and d’ (the program calculated load and deformation will no longer be used) for 
simplification purpose. 
  
   
Figure 5.8. Steps for data reduction of compression testing on flocs: (a) step 1: test is started ~120 μm 
above the floc; (b) step 2: Contact point is determined and verified, baseline overlaps with the 
experimental data; (c) step 3: The test is completed and the derived load on floc versus floc deformation 
curve for further analysis. 
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5.3.2 Real Time Imaging 
 
Figure 5.9. Multi-time images showing the floc deformation details. 
 
The microscope installed next to the nano-UTM enables the developed system to record the floc 
deformation process, either in movie or in multi-time images sequences. Figure 5.9 shows the captured 
multi-time images (selected) of the flocs shown in Figure 5.8. 
5.3.3 Analytical Study for Floc Breakage Strength and Force-Displacement Relationship 
The soft flocs being compressed between two rigid plates (one is the stainless steel flat punch tip, 
and the other is the stainless steel supporting rod flat surface) in the aforementioned experiments can be 
considered as a deformable sphere pressed by a rigid flat (assuming that the flocs being tested are 
perfect sphere balls if special caution is made to select those round flocs for testing), and the elastic-
plastic contact of such a system is an essential problem in contact mechanics. Impressive works on 
studying the frictionless contact of the deformable sphere pressed between rigid plates have been 
reported (e.g., Antonyuk et al. 2010; Kogut and Etsion 2002; Liu et al. 1998; Mashmoushy et al. 1998; 
Smith et al. 2000, 1998). Among those mechanical analysis to derive the elastic and/or plastic properties 
of the specimen, Hertz solution (Hill 1998; Johnson 1987) is mostly adopted. 
Revolution of the obtained load on floc versus floc deformation curves reveals three distinct 
stages that range from fully elastic through elastic-plastic to a double layer repulsion dominated contact 
t = 0s 
t = 50s 
t = 100s 
t = 150s 
t = 200s 
t = 250s 
t = 300s 
t = 350s 
t = 400s 
92 
 
interference (Figure 5.10). Major efforts in this study have been taken to theoretically examine the 
elastic deformation of the flocs, i.e., the small deformation behavior ahead of yield inside the floc. The 
Hertz contact mechanics is employed to analyze the obtained data in order to derive the young’s 
modulus and yield shear strength of the flocs. 
 
Figure 5.10. Revolution of the floc deformation behavior subject to compression testing. 
 
 
Figure 5.11. A soft floc being compressed between two rigid plates. 
 
Figure 5.11 depicts a deformable spherical floc, with a radius R (=D/2, with D is the floc 
diameter), pressed between two rigid plates. The solid ball shows the situation after the deformation, 
while the dash line represents the original state of the ball before deformation. The floc deformation, d 
(d/2 for hemisphere), and circular contact area with the radius, rc, corresponding to the contact load P. 
0
5
10
15
20
25
30
35
40
0 0.2 0.4 0.6
L
o
a
d
 o
n
 f
lo
c
, 
P
(m
N
)
Floc deformation, d (mm)
Elastic 
behavior
Elastic-
plastic
behavior
Double layer repulsion
P
P
D/2
Rigid Plate
Rigid Plate
Soft Floc
C
o
m
p
re
ss
io
n
T
en
si
o
n
d/2
p
pyield
pmax<pyield
rc
93 
 
The pioneering work of Hertz (Hertz 1882; Johnson 1987) describes the elliptical pressure distribution p 
inside the contact area within the elastic deformation region: 
 
22
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
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 (5.3) 
The tensile region at the perimeter of the contact pressure distribution is responsible for bending 
(Antonyuk et al. 2010). Therefore, the radius of the totally deformed area is larger than the contact 
radius. 
Hertz also found that the maximal contact pressure (which is smaller than the yield shear stress 
pyield within elastic deformation region) at the center of the contact area is given by: 
 2max 2
3
cr
P
p

  (5.4) 
with a radius: 
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The reduced modulus of elasticity, E
*
, of the contact partner (  212 , EEE ) is given as: 
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The Hertz solution for the elastic contact of the floc and the flat rigid plate provides the contact 
load, P, and the contact area radius, rc, for small elastic deformation, in the form: 
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The Hertz solution also estimates the principal stresses beneath the surface along the z-axis, and 
the expression to approximate the principal shear stress is (according to the Tresca yield criterion): 
 crzandratp 48.0031.0 max   (5.9) 
while the maximal tensile stress is: 
 0,)21(
3
1
max1  zrratp cr   (5.10) 
For the elastic-plastic deformation portion, the numerical solution is required to find the relation 
between the deformation and contact load (e.g., by means of the finite element method). However, 
detailed discussion about FEM is out of the scope of this study. Figure 5.12(a) shows the data reduction 
process for the flocs shown in Figure 5.8 and the corresponding derived elastic contact line overlapped 
with the floc P-d curve (Figure 5.12(b)). Clearly, the initial deformation of the flocs compressed exhibits 
the elastic behavior, which demonstrates that the Hertz contact mechanics concept provides a good 
solution to the problems. 
   
Figure 5.12. (a) Computing the reduced modulus of flocs via Hertz solution; and (b) The overlap 
between the elastic deformation and the measured load versus deformation curve. 
 
5.4 Engineering Application – Characterizing the Strength of Natural Marine Flocs 
The estuarine environment provides access to riverine systems for commerce and fishes. It also 
provides a key delivery system for mud to littoral environments. The mud undergoes dramatic changes 
as it is subject to diverse chemical and physical environments. In order to understand how these factors 
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affect the flocculation, floc density and size, floc strength and the associated impact upon the shear 
strength of the bed, thousands of measurements are made on flocculation process, such as the size 
kinetics affected by salinity and exopolymer concentrations, and in various flow conditions. In particular, 
the newly developed nano-UTM system provides a state-of-the-art technique to directly evaluate the 
mechanical properties of those cohesive sediments. Compression testing on the naturally formed, 
suspended cohesive sediment flocs has been initiated to characterize their mechanical properties, e.g., 
elastic modulus and yield strength. The sediment samples were collected from 2 of 8 sites during a 
cruise sampling practice in June 2012, at Atchafalaya Bay, Gulf of Mexico (Figure 5.13). Experimental 
results have suggested that the yield strength of Atchafalaya Bay flocs is at the order of 10
2
 Pa, which is 
strong enough for the flocs to survive in the typical tidal environment, where the reported maximal 
bottom shear stress ranges from 2.67-10.38 Pa (Swift and Brown 1983).  
 
Figure 5.13. Sample locations. 
 
Sample locations 
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Figure 5.14 shows the relation between load and floc deformation for each floc at sites 1 and 2, 
which are normalized by the individual reduced elastic modulus, E*. These results are summarized in 
Table 5.3. 
  
Figure 5.14. Normalized load-deformation curves. 
 
The large scattering of the derived reduced modulus and yield strength of the natural flocs are 
listed in Table 5.3. Mostly the reason for this kind of scattering is due to the wide range of the floc size, 
i.e., from 0.2 mm up to 0.75 mm. Generally, larger flocs contain more flaw clusters or weaker bonds 
which weaken the floc strength. On the other hand, those natural marine flocs do not have controlled 
flocculation process, which implies the different chemical compositions, e.g., different types of cations 
and biochemical molecules hold the cohesive clay particles together. Natural flocs may be formed at 
different locations and may have different transport history before they settle down to the bottom bed at 
sites1 and 2. As such, huge scattering of the results are expected for natural samples. This issue also 
indicates the necessity of the strictly controlled flocculation process, among the clay particle, cation 
types and concentrations, exopolymer species types and concentration, in order to investigate how 
aqueous chemistry affects the size kinetics and mechanics of suspended cohesive sediments. Moreover, 
the statistical analysis approach also takes a key vital role in characterizing the mechanical properties of 
flocs. As the floc strength is highly dependent on its size, the flaw distribution inside its micro structure 
and the particle size distribution of the formed flocs are not featured in the unique size peak, but exhibit 
a multimodal distribution where each peak spreads over a wide range. 
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Table 5.3. Summary of derived mechanical properties of natural marine flocs. 
Site Floc # Floc size,  
D (mm) 
Reduced modulus, 
E* (kPa) 
Yield shear strength, 
τ (kPa) 
Site 1 1 0.200 1.41 0.13 
2 0.215 0.45 0.07 
3 0.500 1.40 0.15 
4 0.250 1.05 0.15 
5 0.290 4.82 0.51 
6 0.342 1.43 0.17 
7 0.270 2.66 0.37 
8 0.420 1.23 0.16 
9 0.200 1.84 0.25 
Site 2 1 0.302 1.40 0.15 
2 0.400 0.78 0.10 
3 0.650 0.98 0.09 
4 0.500 0.88 0.10 
5 0.750 4.61 0.39 
6 0.560 0.68 0.10 
7 0.420 1.27 0.14 
8 0.390 2.18 0.28 
 
5.5 Conclusions 
The developed "System and Method for Testing of Micro-Sized Materials" provides the 
pioneering compression testing technique to investigate the mechanical properties of the tiny sized, very 
soft materials. In particular, the feasible measurements can be made in fluid, which were never 
conducted before. The system can also be simply expanded to measure some other specimen properties 
in aqueous environments, such as food materials, cosmetics, chemicals, etc. The apparatus and 
methodologies are provided for nano/micro mechanical testing of micro-sized materials submerged in 
liquid, facilitating specimen preparation and installation, and producing hydrated materials. The 
apparatus can employ the cell walls with the optical magnifying lenses so that the micro-sized 
specimens can be viewed without the microscope. The major advantages and features of the system 
include but not limited to: 
• The environmental cell enables testing of compression in aqueous systems with a nano UTM 
from Agilent Technologies and similar devices from other companies; 
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• This capability is NEW to Agilent Technologies and is highly applicable for future research on 
the granular interactions of low strength materials; 
• Device can also be used in biomechanical research, testing and practical implementation of cells 
and tissues and materials. 
The application of the compression testing system on characterization the mechanical properties 
of naturally formed, suspended cohesive sediment floc samples has successfully estimated that the 
reduced modulus of those flocs is in the order of several kPa, while their yield shear strength is in the 
order of only a few hundred Pa. This is the first time that the mechanical properties of those cohesive 
sediment flocs (which is only few hundred microns in diameter) are evaluated directly by compression 
testing. The feasibility is verified, to establish the micromechanical model of flocs collision and settling, 
sediment transport and bottom geotechnical/geophysical properties in natural environments, by 
generating the floc strength data. 
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CHAPTER 6. MECHANICS OF SUSPENDED COHESIVE SEDIMENT 
FLOCS AFFECTED BY SALINITY 
6.1 Introduction 
The littoral environments, such as rivers, estuaries, and oceans, are usually characterized by high 
concentrations of the suspended particulate matter, of which, the fine-grained cohesive sediment is one 
of the major constituents (Black et al. 2002; Maggi 2005; Mehta et al. 1989). Different from the sandy 
counterparts, the fine-grained cohesive sediments in natural waters appear as complexly structured, 
tenuous, and fractal micro flocs (Furukawa et al. 2009; Hill 1998; Kranenburg 1999). Those flocs 
mainly consist of different types of clay minerals, among which kaolinite, illite, and smectite are very 
abundant in aquatic environments as well as terrestrial soils. Compared with the sand or other coarse-
grained sediment, the transport of clay minerals is very complex and interesting, owing to their several 
distinct characteristics: 1) clay minerals usually have very small sizes of <2 μm, typically in a colloid 
size range, consequently the fully dispersed clay particles settle very slowly owing to the Brownian 
motion; 2) because of crystal defects and isomorphous substitutions, their surfaces are charged and 
chemically active, with the permanent negative charges on the face surface and pH-dependent charges 
on the edge surface, enabling their interactions with other active or charged particulate matter as well as 
the dissolved ions and molecules; and 3) the huge aspect ratio results in very high specific surface area 
augmenting the aforementioned interactions occurring on the clay surfaces. The unique characteristics of 
clay minerals make them prone to interact extensively with the dissolved ions and other exopolymer 
molecules in the aquatic environments, resulting in the flocs formation and changes in the particle sizes 
and mechanical properties. These interactions are very complex and highly depend upon the clay surface 
properties, water chemistry (e.g., the types and concentrations of dissolved salts or ions), and types of 
exopolymer molecule functional groups.  
Flocculation occurs due to Brownian motion, differential settling, and collision, which is 
facilitated by the hydrodynamic force present in the environments. In general, flocculation or 
aggregation leads to a change in the particle size and particle strength of the suspended cohesive 
sediments. The shear stress induced by flocs settling actually limits the terminal size of the flocs via 
breakage, so the floc size also controls the settling velocity of cohesive sediments (Kranenburg 1999; 
Winterwerp 1998). In the aqueous system, the flocs settle faster in certain order of magnitude than the 
primary clay particles (Huang 1993), owing to the flocs’ porous structure and resulting creeping flow 
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through the floc pores (Neale et al. 1973). After settling to the bottom, flocs are the major load-bearing 
units that make up the force-transmittal skeleton of the cohesive mud, which affect the subsequent 
compaction, consolidation, and dewatering of the bottom beds and the geotechnical and geophysical 
properties (Hermawan et al. 2003, 2004). The processes also affect erosion and re-suspension of the 
bottom beds that consist of settled flocs. The floc stability in the water column serves as another 
essential operational parameter in the solid/liquid separation techniques for efficient removal of the 
aggregated particles (Jarvis, Jefferson, Gregory, et al. 2005). In addition, flocs affect remote sensing of 
and optical processes in the littoral environments. For remote sensing, flocs affect the elastic and 
electromagnetic wave propagation and attenuation in the water column (Dunlop 1988). For optical 
process, flocs can alter water column turbidity and light reflectance in a fashion different from the 
primary particles or pure water (Green and Blough 1994; Hatcher et al. 2001). Moreover, flocs in ocean 
sciences are major sources of “marine snow”, which is regarded as the carriers of many nutrients and 
microorganisms, affecting the ecological and biological behavior of entire ocean mass transport and 
energy transmission (i.e., nutrient transport) (Hill 1998). In summary, studying the floc mechanical 
properties (the floc strength or floc survivability in the natural environments) is directly relevant to all 
engineering applications, including cohesive sediment transport, water bed consolidation and 
compaction, water treatment, aqueous bio-system, optical processes, and remote sensing in the littoral 
environments. 
Because flocculation has such important environmental implications on the natural aqueous 
systems, many experimental and numerical studies on flocculation have been reported from the literature 
where the important role of the floc breakage in dictating cohesive sediment transport has been 
recognized (e.g., Dyer and Manning 1999; Jarvis, Jefferson, and Parsons 2005; Jarvis, Jefferson, 
Gregory, et al. 2005; Maximova and Dahl 2006). However, there is no systematic experimental studies 
being conducted that focuses on how the clay mineral structure, clay layer charges, and dissolved ionic 
strengths affect cohesive sediment flocculation and the floc strength. Therefore, a systematic study is 
conducted to fill this gap. Its overall objective is to understand the mechanical properties of cohesive 
sediments affected by salinity. Two high-purity clay minerals representing naturally occurring cohesive 
sediments, including kaolinite and Na-montmorillonite are studied. Compared with the other real 
sediments in natural waters, these pure clay mineral samples usually have little or no impurity whose 
basic chemical and physical properties are well documented in literature. The high purity of these 
samples can help elucidate or isolate the major mechanisms of flocculation. Finally, because of the 
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extensive abundance of kaolinite and smectite in natural waters, results and conclusions of the study can 
be essentially generalized and applied to most natural cohesive sediments. 
6.2 Materials and Methods 
6.2.1 Materials 
Synthetic sea salt (i.e., Instant Ocean
®
) was chosen to mix with deionized (DI) water to simulate 
the natural water environment from the river, estuary, to ocean (i.e., 2, 5, 10 and 30 PSU). The ions 
contained in the Instant Ocean salt have been well documented by Atkinson and Bingman (1997). Table 
6.1 provides a comparison of compositions between real sea water (PPT = 35) and the instant ocean 
solution (PPT = 29.65). 
Two clays abundant in both the terrestrial and marine environments, namely kaolinite and Na-
montmorillonite (Na-mont), were chosen as the model inorganic cohesive sediments. Samples of the 
clay minerals purchased from the US Clay Minerals Society (CMS) Source Clay Repository (Purdue 
University, Indiana, USA) are high-purity source minerals which have been well analyzed and widely 
used in numerous studies as the reference clay minerals. Table 3.1 shows their geographic origin 
together with the basic properties. The clay samples were supplied as the dry powder and to be used 
without further preprocessing. 
Table 6.1. Element composition of instant ocean and sea water (unit: mmol/kg). 
Positive ions Na
+
 K
+
 Mg
2+
 Ca
2+
 Sr
+
 sum pH 
Seawater 470 10.2 53 10.3 0.09 607 8.25 
Instant Ocean 462 9.4 52 9.4 0.19 594.39 8.35 
Molecular weight (g/mol) 23 39.1 24.3 40.1 87.6   
Negative ions Cl
-
 SO4
2-
 TCO
2-
 TB
-
  sum  
Seawater 550 28 1.9 0.44  608  
Instant Ocean 521 23 1.9 0.42  569.32  
Molecular weight (g/mol) 35.5 32.1 12 10.8    
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6.2.2 Floc Sample Preparation 
Aqueous clay suspensions were mixed with the instant ocean salt solution for floc formation. (1) 
Salt water was prepared by dissolving a pre-determined amount of instant ocean salt into 1000 ml DI 
water, whose solution was continuously mixed for at least 15 minutes to ensure the complete dissolution 
of the salt crystals. (2) The solution was shared by two bottles equally (labeled as No. 1 and 2). (3) 0.2 g 
dry clay was soaked in 10 ml prepared salt water (from bottle 1) in a 15 ml centrifuge tube for >16 hours. 
(4) The solution in bottle 2 was used to clean the flocculation instrument (a Cilas particle size analyzer 
(Figure 3.2) is employed to provide the flocculation environment) thoroughly to minimize the residual 
influence from previous experiments, especially when the water chemistry was different. (5) Filled the 
samples bath with ~400 ml of the salt solution from bottle 1 and turned on the circulation pump. (6) The 
soaked clay suspension was transferred to the sample bath inside the Cilas particle size analyzer, 
followed by disaggregation and dispersion by a built-in pedal-like stirrer inside the sample bath at a 
fixed speed of 180 rpm. (7) Cleaned the centrifuge tube with remaining salt water in bottle 1 several 
times so as to transfer all the suspension into the sample bath, making the total volume of the final clay 
suspension 500 mL, which is the capacity of the sample bath. This gave rise to the suspension with a 
clay concentration of 0.4 g/L. Flocculation of suspended clay particles took place in the PSA’s bath 
where, during stirring, collisions of clay to clay continuously occurred. The pre-designed salinities were 
2, 5, 10, and 30 PSU, respectively. Therefore, 2 types of clays and 4 salinity levels were studied at a 
fixed clay concentration of 0.4 g/L, resulting in a total of 8 clay flocs groups being analyzed. 
Continuously monitoring of the floc size distribution inside the Cilas system helped to ensure the 
establishment of an equilibrium of floc formation and breakdown (usually 10-15 minutes). Once the 
particle size distribution reached an equilibrated state, floc samples were then collected into a 500 ml 
beaker. 
6.2.3 Floc Compression Testing 
The collected flocs suspensions were firstly subject to free settling in the beaker for about 30 
minutes to separate the large flocs (which settles quickly) from the suspension. Big floc samples were 
then collected and transferred from the beaker bottom to a clean plastic dish, which was then filled half 
full with the clear solution collected from the top layer of the suspension. The major concern of this step 
was to further separate the individual micro sized flocs away from each other, such that a pipette could 
be adopted to pick up individual flocs and mount it onto the compression testing stage top. The 
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developed state-of-the-art nano UTM system was adopted to perform the compression testing, as it can 
satisfy the requirement for high resolution load and displacement measurements (Figure 5.4). 
Individual floc compression tests started with imaging to obtain the size and shape of the target 
flocs. Real time sequence images were captured at every 1s time interval to obtain the change in the 
shape and size of the flocs. For each test, the load and displacement were recorded and analyzed 
subsequently to calculate the mechanical properties of the flocs on the basis of nano contact mechanical 
properties. For each clay flocs group, 18 individual flocs were examined, in order to provide a sufficient 
sample population for further statistical analysis. 
6.2.4 Statistical and Parametric Study of the Results 
Based on the contact mechanics, Hertz solution (Hertz 1882; Johnson 1987) is introduced to 
illustrate the mechanical properties of floc, i.e., Young’s modulus and yield shear stress. The formulas 
that derive the reduced modulus and yield shear strength based on the obtained load-deformation data 
are: 
 
5.12 3)1( d
D
P
E   (6.1) 
 crzandrat
Dd
P
48.00
6
31.0 

  (6.2) 
where P is the perpendicular load applied by the punch, D is the floc diameter, d is the floc deformation, 
ν is the floc’s Poisson’s ratio, and rc is the radius of the contact area (Figure 5.11). At this point, the 
Poisson’s ratio of the flocs is still known, so in the following discussion, the reduced modulus, E* is 
used. The relation between these two moduli is: 
 
*2)1( EE   (6.3) 
In order to statistically summarize the results from the diverse collection of floc samples, 
Weibull statistical treatment (Weibull 1939, 1951) for strength of solids is employed. The cumulative 
distribution function for the Weibull distribution is: 
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where k > 0 is the shape parameter (or Weibull modulus) and λ > 0 is the scale parameter (or nominal 
strength) of the distribution. 
To derive the two parameters, a set of the interested properties xi (i.e., reduced modulus or yield 
shear strength) is firstly sorted at an ascending order, where each xi value is indexed at an appropriate 
order, Fi, based on the number of specimens tested, N: 
 Ni
N
i
Fi ,..,2,1,
1


  (6.5) 
where i is the order of the property in the ascending sequence, Fi is the description of the probability of 
failure. And Pi = 1 - Fi is the survivability of flocs. 
Two parameters, i.e., λ and k are estimated reformulating the equation 6.5 as 6.6: 
 bxk
F
i
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
ln))
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1
ln(ln(  (6.6) 
where k and b are the slope and intercept on the y-axis of the regression line between the ))
1
1
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iF
 
and ixln , respectively, while λ is computed as: 
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b
e

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The expected mean value (i.e., characteristic value) is then estimated using the Gamma function: 
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6.3 Analysis of Results 
6.3.1 Floc Compression Curves 
Figure 6.1 shows two randomly selected, typical load-deformation curves for kaolinite and Ca-
mont flocs in salt water, and the microscope images illustrate the shape and size of the flocs before and 
after the compression testing. For the kaolinite flocs formed in 5 PSU water (Figure 6.1(a)), the floc 
deformation behavior exhibits as a brittle material with the significant cracks and openings being 
developed across the microstructure, which manifests several significant load drops in the load-
deformation curves, suggesting that continuous failures occurs due to compression. For the Na-mont 
flocs formed in 5 PSU water (Figure 6.1(b)), there is no significant load drops (specimen failure) during 
compression, although the load-deformation curve indicates that yield occurs during the loading 
segment (e.g., two yield points can be identified at a deformation of ~0.05 and 0.1 mm, respectively). 
The two microscope images presents the floc size and shape before and after the compression testing 
which also suggests that there is no significant crack opening across the Na-mont flocs microstructure, 
compared to the kaolinite floc. 
  
Figure 6.1. Example curves showing the load-deformation behavior of clay flocs: (a) kaolinite flocs in 5 
PSU water; and (b) Na-mont flocs in 5 PSU water. 
 
For both the kaolinite and Na-mont flocs being compressed, the evolution of the elastic-plastic 
contact with the increasing interference can be divided into three distinct stages that range from fully 
elastic (the very beginning portion of the load-deformation curve), through elastic-plastic (the middle 
portion of the curve with yielding or failure), to the double layer repulsion controlled region (the end 
portion of the curve where an quick load increment occurs within tiny range of floc deformation). At the 
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first stage, the Hertz solution can theoretically estimate the mechanical properties of the material, e.g., 
its elastic modulus and yield shear stress, which is the major focus of this study. At the second stage, the 
contact is elastic-plastic while the numerical solution is necessary to find the relation between the load, 
contact area, and the mean contact pressure. Finite element method is commonly used for such 
numerical solution where the contact between the sphere and the flat is detected by the special contact 
elements and a yielding criterion is adopted in solving the elastic-plastic problems (e.g., Kogut and 
Etsion 2002). At the final stage, pore water trapped within the micro sized flocs is squeezed out so that 
the floc has been compressed to a flake-like, highly condensed structure In this stage, the double layer 
repulsion caused by interactions between the clay particles takes account into resist to the compressive 
load, resulting in a much stiffer load-deformation curve. The detailed study of the second and third 
stages is out of the scope of this study. In this study, only the initial elastic stage is analyzed.  
Another difference between the kaolinite floc and Na-mont floc is the elastic deformation depth. 
From the two randomly selected curves, it is clear that the kaolinite flocs manifest a very short elastic 
region when compared with Na-mont. That is, the kaolinite floc formed in 5 PSU sea water reaches the 
elastic-plastic region quickly (~ 2 μm); while for the Na-mont floc, the first yield point occurs at ~ 50 
μm. 
6.3.2 The Mechanical Properties of Clay Flocs in Salt Water 
Figure 6.2 shows the relationship between the load on floc and floc deformation from 8 
randomly selected kaolinite floc samples (2 for each salinity). The discrete dots at each plot are from the 
experimental results, while the continuous lines represent the derived elastic contact line. The elastic 
contact lines are derived from the experimental data using the Hertz solution, by the linear fitting 
between 
D
P3
 and 
5.1d . It shows that all the examined kaolinite flocs formed in salt water exhibits 
continuous structure failures when they are subject to compressive loading, and the first failure occurs at 
a very small deformation depth, i.e., < 5 μm.  
Figure 6.3 shows the relationship between the load on floc and floc deformation from 8 
randomly selected Na-mont floc samples (2 for each salinity). For those examined Na-mont flocs, no 
significant structure failure or sudden load drop is observed. Meanwhile, the elastic contact deformation 
region of the Na-mont flocs is considerably larger than the kaolinite flocs. The elastic-plastic region of 
the Na-mont flocs usually starts at a deformation > 10 μm. Furthermore, the derived reduced modulus of 
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the Na-mont flocs is much smaller than of the kaolinite flocs. Comparison between Figure 6.2 and 
Figure 6.3 suggests that the reduced modulus of kaolinite flocs be in an order of several MPa, which is 
over 10 times higher than the Na-mont flocs, which reaches several hundred kPa. 
 
  
Figure 6.2. The load-deformation curves for kaolinite flocs and their elastic contact lines under different 
salinities. (Discrete dots are experimental results; continuous lines are obtained from the Hertz solution). 
 
The clay particles in suspension distribute a negative electrical double layer on the face surface 
owing to its permanent negative charges. On the other hand, the edges of clay particles have the pH 
dependent charges due to broken the Al-O and Si-O bonds. In the estuarial environments, where high 
concentrations of dissolved ions are present in the aqueous environment, positive dissolved cations like 
Na
+
, Ca
2+
, and K
+
, etc. can be adsorbed to the negative clay face surfaces, which in turn reduces the 
electrostatic repulsion forces that separate clay particles away from each other. As such, the induced 
cations act as the agent that brings individual clay particles together to form micro sized flocs, by means 
of reducing the double layer thickness. Therefore, the mechanical properties of the formed clay flocs in 
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sea water are controlled by the electrostatic attraction forces introduced by dissolved ions, while both 
number and strength of the formed bonds affect the floc breakage strength. 
 
  
Figure 6.3. The load-deformation curves for Na-mont flocs and their elastic contact lines under different 
salinities. (Discrete dots are experimental results; continuous lines are obtained from the Hertz solution). 
 
A summary of the mechanical properties of all the kaolinite flocs in different salinity are plotted 
against the measured floc size in Figure 6.4. Figure 6.4(a) illustrates the relationship between the 
reduced modulus and floc size, while Figure 6.4(b) illustrates the relationship between the derived yield 
shear strength and floc size. Both plots exhibit large data scattering.  
Figure 6.5 summarizes the derived mechanical properties of the Na-mont flocs affected by water 
salinities. Figure 6.5(a) illustrates the relationship between the reduced modulus and floc size, while 
Figure 6.5(b) presents the relationship between the yield shear strength and floc size. Similar to the 
kaolinite floc results, both plots exhibit large data scattering. However, for each plot, there is a general 
trend that bigger floc has smaller reduced modulus and yield shear strength.  
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Figure 6.4. (a) The derived reduced modulus and (b) yield shear strength of kaolinite flocs against floc 
size under different water salinity. 
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Figure 6.5. (a) The derived reduced modulus and (b) yield shear strength of Na-mont flocs against floc 
size under different water salinity. 
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6.3.3 Statistical Study Results 
Statistical analysis aiding to interpret the high scattering data is accomplished using the Weibull 
distribution. Jayatilaka and Trustrum (1977) have demonstrated in their noteworthy paper that, for a 
brittle and homogeneous material, the distribution of the strength data is caused by the distribution of 
sizes and orientations of the flaws. Also the Weibull distribution of the strength will be observed for 
flaw populations with a monotonically decreasing density of flaw sizes. Freudenthal (1968) shows that a 
Weibull distribution is obtained with an inverse power-law distribution of flaws, but neglecting mutual 
interaction in the stress fields surrounding each flaw. In particular, according to Weakest Link Theory 
(WLT), the fracture of a specimen is identified as the unstable propagation of the most ‘‘critical’’ crack 
(the largest in a uniform stress field), or in other words, failure of one element of a body leads to the 
failure of the whole body. The distribution of the smallest values tends to be one of the asymptotic 
distributions as the limit of large number of samples, regardless of the initial population. One function 
represents the extreme of initial populations (called Cauchy type distributions) that coincides with the 
two-parameter Weibull distribution, by using  riffith’s equation, with modulus k=2(r-1), where r is flaw 
distribution property. In general, if the number of destructive flaws in specimen increases, it will result 
in the decrease of the r value, which leads to a smaller k value. For a given set of data, Weibull 
distribution provides an upper limit making a ‘‘safe’’ reliability analysis possible.  
 
Figure 6.6. Weibull analysis for the kaolinite floc samples: (a) reduced modulus, and (b) yield shear 
strength. 
 
According to the Weibull statistics, the Weibull modulus, k, is calculated and summarized in 
Figure 6.6 (kaolinite flocs) and Figure 6.7 (Na-mont flocs). This study further demonstrates that the 
mechanical properties of the laboratory-prepared clay flocs follow Weibull’s law. For instance, the 
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sample correlation coefficient (R
2
) for each clay floc group is pretty satisfactory (based on the sample 
population of 18 in each group), which indicates that the Weibull distribution hypothesis provides a 
suitable means to statistically summarize the mechanical properties of the floc data and evaluate the 
mean values of floc’s mechanical properties. 
  
Figure 6.7. Weibull analysis for the Na-mont floc samples: (a) reduced modulus, and (b) yield shear 
strength. 
 
6.3.4 Floc Strength Affected by Salinity 
Figure 6.8 shows the effect of salinity on the mechanical properties of the kaolinite flocs. The 
following features in the derived reduced modulus and yield shear strength plots can be observed: (1) 
both the reduced modulus and the floc yield shear strength increase with salinity, when S = 2-10 PSU, 
and then decrease slightly when S = 30 PSU; (2) the values of the kaolinite floc’s reduced Young’s 
moduli range from 12 to 18 MPa, while the yield shear strength is about 150-270 kPa; (3) S = 10 PSU is 
a critical salinity that the strongest kaolinite flocs are produced.  
  
Figure 6.8. The Weibull analysis results for the kaolinite floc samples: (a) reduced modulus, and (b) 
yield shear strength. 
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In Figure 6.9, the statistical analysis results of the mechanical properties of the Na-mont flocs 
show different features against the kaolinite flocs: much stronger Na-mont flocs can only be found in the 
low salinity environment (i.e., S = 2PSU). Among the four examined salinities, the floc strength is 
tremendously reduced when the water salinity reaches 5 PSU, at which, the Weibull modulus reaches its 
highest value. Then as the salinity increases, the derived reduced modulus and yield shear strength 
slightly increase, but they are still much smaller than the previous values (i.e., at S = 2 PSU). In general, 
the strength of the Na-mont flocs is 100 times smaller than the kaolinite flocs. 
  
Figure 6.9. The Weibull analysis results for the Na-mont floc samples: (a) reduced modulus, and (b) 
yield shear strength. 
 
6.4 Discussion 
6.4.1 Clay-Clay Interactions in Sea Water 
Sea water contains high concentrations of dissolved ions, including Na
+
, K
+
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2+
, Ca
2+
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+
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-
, 
SO4
2-
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2-
, and TB, etc. Moreover, in salty environment, the high pH value (8.35) (Table 6.1) also 
shows that sea water is an alkaline solution, in which the edges of clay particles also possess negative 
charges. This can significantly affect the clay-clay interactions in the ocean environments, which will 
affect the stability of the formed clay flocs, since no edge-to-face association can occur due to the 
electrostatic repulsion. However, the presence of charged cations and anions in the estuarine 
environment have critical impact on altering the surface chemistry of clay particles, i.e., reducing the 
double layer thickness on the clay surfaces due to an increased ionic strength in the solution (in the 
number of both the dissolved ions and charges carried on them). The double layer thickness calculation 
results for salt water from different salinities (Figure 6.10) have shown that when the salinity in the 
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aqueous environment increases from 0.01 to 2 PSU, the thickness of the double layer on the clay mineral 
surface is tremendously reduced from 20 nm to 1.4 nm; if the salinity is further increased to 30 PSU, 
then the double layer thickness can be decreased to 0.34 nm accordingly. Such a significant decrement 
in the double layer thickness on both face and edge surfaces directly leads to the reduction in the double 
layer repulsion force, which is caused by Coulomb or electrostatic repulsion between the two negatively 
charged clay surfaces. Thus, salinity, or ionic strength, have significant influence on the clay 
flocculation process, which dominant the formation of larger flocs as well as the strength of the formed 
flocs. 
 
Figure 6.10. Double layer thickness affected by salinity. 
 
The different mean values of mechanical properties between the kaolinite and Na-mont flocs 
may arise from the surface charge difference between two clay particles. Kaolinite has a very small 
amount of layer charges (-0.03) (Table 3.1). The electrostatic repulsion between particles is hardly 
enough to avoid the attachment of the small particles to the surface of the larger ones. The increased 
water ionic strength further reduces the double layer thickness on the kaolinite particle surface, thus 
more attachment can occur. In this case, the kaolinite particles are closely aggregated inside the flocs so 
that the higher mechanical properties are expected. As the salinity in the aqueous environment increases, 
the particles are getting closer due to the reduced double layer thickness, so that much stronger flocs is 
being formed. On the other hand, Na-mont has a permanent negative charge (-0.28) (Table 3.1) on its 
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although the increased ionic strength significantly compresses the double layer. This kind of repulsion 
has negative effect on the formation of the closely connection between the Na-mont particles in the flocs, 
which in turn leads to a fairly low yield shear strength when compared to kaolinite. 
6.4.2 Critical Salinity for Optimal Flocculation  
Based on the derived mechanical data, it is interesting to estimate the critical salinity that can 
produce the strongest kaolinite and Na-mont flocs. For kaolinite, the strongest floc is available in the 10 
PSU suspension, while for Na-mont, the strongest floc is in the 2 PSU suspension. However, owing to 
the significant effect of the floc size on their mechanical properties, it is also of key importance to 
compare the mean size of the flocs. For the kaolinite flocs, the samples collected for compression testing 
have nearly the same mean size (~ 0.2 mm); while the mean size of the Na-mont flocs increases with 
salinity (Figure 6.11). This feature indicates that the higher salinity has little effect in forming larger 
kaolinite flocs, but can increase the floc’s strength; on the other hand, the higher ionic strength facilitates 
the formation of the larger Na-mont flocs, even though those larger flocs are much weaker than the 
smaller ones formed in the 2 PSU water. 
 
Figure 6.11. The mean size of the flocs subjected to compression testing. 
 
The existence of the critical salinity for producing the strongest flocs may also be related to the 
surface charges of clay particles. The kaolinite particles, with little charges on its surface, are able to 
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repulsive forces between the formed flocs and hinders the growth in the kaolinite floc size. In contrast, 
Na-mont particles are with permanent negative charges on its surface due to isomorphous substitution. 
These negative charges can, not only prevent the Na-mont particles from closely aggregation, but also 
have a counter effect against the increasing positive charges induced by the adsorbed cations. As such, 
although Na-mont flocs carry much smaller yield shear strength and reduced modulus, they can grow in 
size with the increase in salinity. In general, 10 PSU is a critical salinity value that separates the floc 
strength (for kaolinite) and floc size (for Na-mont) from increasing with salinity. 
6.5 Conclusions 
A systematic laboratory study is conducted to investigate the salinity effect on the mechanical 
properties of the suspended cohesive sediments. The studied modeling system consists of two clay 
minerals abundant in natural waters, kaolinite and Na-mont, which are dispersed in salt water with four 
salinities, 2, 5, 10, and 30 PSU. Floc’s mechanical properties (i.e., reduced modulus and yield shear 
strength) are obtained using a creatively designed, state-of-the-art nano compression testing system on 
the basis of elastic-contact mechanics. Weibull statistics is employed to analyze the obtained results and 
investigate the effect of the salinity on the mechanical properties of clay flocs. Results point out the 
complex mechanics of the suspended cohesive sediments in estuarine environment.  
The dynamic nature (e.g., floc size) of the cohesive sediments is proved to be affected by the 
ionic strength in the aqueous environment, which in turn plays a key role in determining the mechanical 
properties of clay flocs. The formed kaolinite flocs are 100 times stronger than the Na-mont flocs. On 
the other hand, the weak Na-mont flocs can grow in size when the salinity increases, whose strength is 
thereafter reduced due to the loosely aggregated microstructure.  
Introducing Weibull’s statistics provides a suitable means to interpret the mechanical data with 
the highly scattering feature. The Weibull modulus is a kind of “material constant” because it depends 
on the flaw distribution in the sample, which is corresponding to an “intrinsic” structure of the material. 
The relative small Weibull modulus values from the experimental results suggest that the clay flocs 
structure contain significantly weak clusters inside, and the distribution of the flaws may get worse when 
more dissolved ions are present in the aqueous environment. 
119 
 
6.6 References 
Atkinson, M. J., and Bingman, C. (1997). “Elemental composition of commercial seasalts.” Journal of 
Aquariculture and Aquatic Sciences, 8(2), 39–43. 
Black, K. S., Tolhurst, T. J., Paterson, D. M., and Hagerthey, S. E. (2002). “Working with Natural 
Cohesive Sediments.” Journal of Hydraulic Engineering, 128(1), 2–8. 
Dunlop, J. I. (1988). “Propagation of acoustic waves in marine sediments, a review.” Exploration 
Geophysics, 19(4), 513. 
Dyer, K. R., and Manning, A. J. (1999). “Observation of the size, settling velocity and effective density 
of flocs, and their fractal dimensions.” Journal of Sea Research, 41(1-2), 87–95. 
Freudenthal, H. (1968). “Why to teach mathematics so as to be useful.” Educational Studies in 
Mathematics, 1(1-2), 3–8. 
Furukawa, Y., Watkins, J. L., Kim, J., Curry, K. J., and Bennett, R. H. (2009). “Aggregation of 
montmorillonite and organic matter in aqueous media containing artificial seawater.” 
Geochemical Transactions, 10(1), 2. 
 reen, S. A., and Blough, N. V. (1994). “Optical-Absorption and Fluorescence Properties of 
Chromophoric Dissolved Organic-Matter in Natural-Waters.” Limnology and Oceanography, 
39(8), 1903–1916. 
Hatcher, A., Hill, P. S., and  rant, J. (2001). “Optical backscatter of marine flocs.” Journal of Sea 
Research, 46(1), 1–12. 
Hermawan, M., Bushell,  ., Bichkert,  ., and Amal, R. (2004). “Characterisation of short-range 
structure of silica aggregates—implication to sediment compaction.” International Journal of 
Mineral Processing, 73(2-4), 65–81. 
Hermawan, M., Bushell, G., Bickert, G., and Amal, R. (2003). “Relationship between Floc Short Range 
Structure and Sediment Compaction.” Particle & Particle Systems Characterization, 20(5), 327–
334. 
Hertz, H. (1882). “On the Contact of Rigid Elastic Solids and on Hardness.” Ch 6: Assorted Papers. 
Hill, P. S. (1998). “Controls on Floc Size in the Sea.” Oceanography, 11(2), 13–18. 
Huang, H. (1993). “Porosity-size relationship of drilling mud flocs; fractal structure.” Clays and Clay 
Minerals, 41(3), 373 –379. 
Jarvis, P., Jefferson, B., Gregory, J., and Parsons, S. A. (2005). “A review of floc strength and breakage.” 
Water Research, 39(14), 3121–3137. 
Jarvis, P., Jefferson, B., and Parsons, S. A. (2005). “Breakage, Regrowth, and Fractal Nature of Natural 
Organic Matter Flocs.” Environmental Science & Technology, 39(7), 2307–2314. 
Jayatilaka, A. D. S., and Trustrum, K. (1977). “Statistical approach to brittle fracture.” Journal of 
Materials Science, 12(7), 1426–1430. 
Johnson, K. (1987). Contact mechanics. Cambridge University Press, Cambridge, New York. 
Kogut, L., and Etsion, I. (2002). “Elastic-Plastic Contact Analysis of a Sphere and a Rigid Flat.” Journal 
of Applied Mechanics, 69(5), 657. 
120 
 
Kranenburg, C. (1999). “Effects of floc strength on viscosity and deposition of cohesive sediment 
suspensions.” Continental Shelf Research, 19(13), 1665–1680. 
Maggi, F. (2005). “Flocculation dynamics of cohesive sediment.” geboren te V ercelli, Italie. 
Maximova, N., and Dahl, O. (2006). “Environmental implications of aggregation phenomena: Current 
understanding.” Current Opinion in Colloid & Interface Science, 11(4), 246–266. 
Mehta, A. J., Hayter, E. J., Parker, W. R., Krone, R. B., and Teeter, A. M. (1989). “Cohesive Sediment 
Transport. I: Process Description.” Journal of Hydraulic Engineering, 115(8), 1076–1093. 
Neale, G., Epstein, N., and Nader, W. (1973). “Creeping flow relative to permeable spheres.” Chemical 
Engineering Science, 28(10), 1865–1874. 
Van Olphen, H. (1987). “Dispersion and Flocculation.” Chemistry of clays and clay minerals, K. A. 
Hunter, ed., Longman Scientific & Technical, 203–224. 
Weibull, W. (1939). A statistical theory of the strength of materials. Ingeniörsvetenskapsakademiens 
handlingar, Generalstabens litografiska anstalts förlag. 
Weibull, W. (1951). “A statistical distribution function of wide applicability.” Journal of Applied 
Mechanics, 18, 293–297. 
Winterwerp, J. C. (1998). “A simple model for turbulence induced flocculation of cohesive sediment.” 
Journal of Hydraulic Research, 36(3), 309–326. 
 
 
121 
 
CHAPTER 7. MECHANICS OF SUSPENDED COHESIVE SEDIMENT 
FLOCS AFFECTED BY EXOPOLYMERS 
7.1 Introduction 
Littoral environments, such as rivers, estuaries, and oceans, are usually characterized by high 
concentrations of suspended particulate matter, of which, fine-grained cohesive sediments are one of the 
major constituents (Black et al. 2002; Maggi 2005; Mehta et al. 1989). Different from the sandy 
counterparts, the fine-grained cohesive sediments in natural waters exist as complexly structured, 
tenuous, and fractal micro flocs (Furukawa et al. 2009; Hill 1998; Kranenburg 1999). Those flocs 
mainly consist of different types of clay minerals, of which kaolinite, illite, and smectite are very 
abundant in aquatic environments as well as terrestrial soils. Compared with sand or other coarse-
grained sediment, the transport of clay minerals is very complex and interesting, owing to their several 
distinct characteristics: 1) clay minerals usually have very small sizes of <2 μm, typically in the colloid 
size range, and hence the fully dispersed clay particles settle very slowly owing to Brownian motion; 2) 
because of crystal defects and isomorphous substitutions, their surfaces are charged and hence 
chemically active, with permanent negative charges on face surface and pH-dependent charges on edge 
surface, enabling their interactions with other active or charged particulate matter as well as dissolved 
ions and molecules; and 3) their very large aspect ratio results in very high specific surface area 
augmenting the aforementioned interactions occurring on clay surfaces. These unique characteristics of 
clay minerals make them prone to interact extensively with the dissolved ions and other exopolymer 
molecules in aquatic environments, resulting in flocs formation and changes in particle sizes and 
mechanical properties. These interactions are very complex and highly depend upon clay surface 
properties, the water chemistry (e.g., the types and concentrations of dissolved salts or ions), and the 
types of exopolymer molecule functional groups.  
Flocculation occurs due to Brownian motion, differential settling, and collision, and is facilitated 
by the hydrodynamic forcing present in the water column. In general, flocculation or aggregation leads 
to a change in the particle size and strength of the suspended cohesive sediments. Such a change is also 
highly dynamic and depends upon the shear rate or the hydrodynamic flow energy of the water. If the 
flocs are strong enough to resist the shear stress induced by the fluid flow, further flocculation and hence 
an increase in particle size can be expected. In contrast, if the flow shear stress exceeds the floc’s shear 
strength, floc breakdown and hence particle size reduction should occur. Furthermore, floc settling-
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induced shear stress actually limits the terminal size of flocs via breakage, and hence floc size also 
controls the settling velocity of cohesive sediments (Kranenburg 1999; Winterwerp 1998). In aqueous 
system, flocs settle faster by some orders of magnitude than the primary clay particles (Huang 1993), 
owing to flocs’ porous structure and resulting creeping flow through the floc pores (Neale et al. 1973). 
After settling to the bottom, flocs are the major load-bearing units that make up the force-transmittal 
skeleton of cohesive mud, and hence affect subsequent compaction, consolidation, and dewatering of 
bottom beds and their geotechnical and geophysical properties (Hermawan et al. 2003, 2004). These 
processes also affect the erosion and re-suspension of bottom beds that consist of settled flocs. Floc 
stability in water column is also an important operational parameter in the solid/liquid separation 
techniques for efficient removal of aggregated particles (Jarvis, Jefferson, Gregory, et al. 2005). 
Furthermore, flocs also affect the remote sensing of and optical processes in littoral environments. For 
remote sensing, flocs affect the elastic and electromagnetic wave propagation and attenuation in the 
water column (Dunlop 1988). For optical process, flocs can alter water column turbidity and light 
reflectance in a fashion different from the primary particles or pure water (Green and Blough 1994; 
Hatcher et al. 2001). Moreover, flocs in ocean sciences are a major source of “marine snow”, which is 
regarded as carriers of many nutrients and microorganisms, affecting the ecological and biological 
behavior of the entire ocean mass transport and energy transmission (i.e., nutrient transport) (Hill 1998). 
In summary, studying the floc mechanical properties (floc strength or floc survivability in water column) 
is of direct relevance to all engineering application thrusts, including cohesive sediment transport, water 
bed consolidation and compaction, water treatment, aqueous bio-system, optical processes, and remote 
sensing in littoral environments. 
Because flocculation has such important environmental implications on natural aqueous systems, 
many experimental and numerical studies on flocculation have been reported in literature and the 
important role of floc breakage in dictating cohesive sediment transport has been recognized (e.g., Dyer 
and Manning 1999; Jarvis, Jefferson, and Parsons 2005; Jarvis, Jefferson, Gregory, et al. 2005; 
Maximova and Dahl 2006). However, there is a lack of systematic experimental studies focusing on how 
clay mineral structure, clay layer charges, dissolved ionic strengths, and EPS polarity or functional 
groups affect cohesive sediment flocculation and the floc strength. Therefore, a systematic experimental 
study is conducted to fill this gap. Its overall objective is to understand the mechanical properties of 
cohesive sediments affected by EPS concentration. Four high-purity clay minerals representing naturally 
occurring cohesive sediments, including kaolinite, illte, Ca-montmorillonite (Ca-mont) and Na-
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montmorillonite (Na-mont) are studied. Compared with other real sediments in natural waters, these 
pure clay mineral samples usually have little or no impurities and their basic chemical and physical 
properties are well documented in literature. The high purity of these samples can help elucidate or 
isolate the major mechanisms of flocculation. Moreover, their chemical and physical properties 
determined by prior studies can be used for the interpretation of the experimental results obtained in this 
study. Finally, because of the extensive abundance of kaolinite, illite, and smectite in natural waters, 
results and conclusions of this study can be essentially generalized to most natural cohesive sediments. 
This study also aims to provide a basic understanding of how EPS or other organic matter affects the 
mechanical properties of cohesive sediment in natural waters. 
7.2 Materials and Methods 
7.2.1 Materials 
Synthetic sea salt (i.e., Instant Ocean
®
) was chosen to mix with deionized (DI) water to simulate 
the natural water environment (i.e., 10 PSU). The ions contained in the instant ocean salt have been well 
documented by Atkinson and Bingman (1997) (Table 6.1).  
Four clays abundant in both terrestrial and marine environments, namely kaolinite, illite, Ca-
montmorillonite (Ca-mont), and Na-montmorillonite (Na-mont), were chosen as the model inorganic 
cohesive sediments to account for their compositional variability. Samples of the four clay minerals 
purchased from the US Clay Minerals Society (CMS) Source Clay Repository (Purdue University, 
Indiana, USA) are high-purity source minerals and have been well analyzed and widely used in many 
studies as reference clay minerals. Table 3.1 shows their geographic origin and basic properties. Of these 
four clays, kaolinite (KGa-1b), Ca-mont (STx-1b), and Na-mont (SWy-2) were supplied as dry powder 
and used without further preprocessing, while illite (IMt-1) was supplied as small rock chips. To obtain 
an equivalent powdery sample, the as-received illite chips was first hand-ground in a mortar and pestle 
and then wet-ground with ethyl alcohol in a McCrone micronizing mill (McCrone Accessories and 
Components, USA) for 3 minutes, which typically results in a fine powder with particle sizes < 38 µm 
for most silicate minerals. 
A neutral plant polysaccharide, guar gum (Laboratory Grade, Fisher Scientific Inc.), was selected 
as an EPS analog to simulate the organic EPS in natural environments. It has a molecular weight of up to 
2 × 10
6
 Da (Risica et al. 2005). 
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7.2.2 Floc Sample Preparation 
Aqueous clay suspensions were prepared with the synthetic salt water for floc formation. (1) The 
salt water was prepared by dissolving a pre-determined amount of instant ocean salt into 1000 ml DI 
water, and the solution was continuously shaken by hand for at least 15 minutes to ensure the fully 
dissolution of the salt crystals. (2) The salt water was separated into two bottles equally (labeled as No. 1 
and 2). (3) 0.2 g dry clay was soaked in 10 ml prepared salt water from bottle 1 for >16 hours in a 15 ml 
centrifuge tube. (4) The solution in bottle 2 was used to pre-wash the flocculation instrument (a Cilas 
particle size analyzer (Figure 3.2) is employed to facilitate the flocculation process) thoroughly to 
minimize the influence carried from the previous experiments, especially when the water chemistries 
were different. (5) The soaked clay suspension was transferred to the sample bath inside the Cilas 
particle size analyzer, followed by disaggregation and dispersion using a built-in pedal-like stirrer inside 
the sample bath at a fixed speed of 180 rpm. (6) The guar solution was prepared by slowly adding a pre-
determined amount of guar powder into 50 ml salt water from bottle 1, which was continuously agitated 
by a magnetic stirrer to aid dissolution. Sufficient time (e.g., >30 minutes) of stirring was allowed to 
ensure complete EPS dissolution and obtain a final homogeneous solution. (7) The prepared guar 
solution was slowly added to the sample bath where the clay suspension was being stirred to achieve a 
complete mixing of the clay and guar. (8) The sample bath was filled with ~300 ml of salt water from 
bottle 1 and the circulation pump was turn on. Finally, cleaned the centrifuge tube and guar beaker with 
the remaining salt water in bottle 1 several times and transferred all the suspension into the sample bath, 
so that the total volume of the final clay suspension was 500 mL, which is the capacity of the sample 
bath. This resulted in a suspension with a clay concentration of 0.4 g/L. Flocculation of the suspended 
clay particles and EPS molecules took place inside the PSA’s bath where, during stirring, collisions of 
clay to clay and clay to EPS continuously occurred. The pre-designed salinity was 10 PSU, and the guar 
to clay ratio (E/C) ranged from 0, 2, 10, and 20%, respectively. Therefore, 4 types of clays were studied 
at a fixed clay concentration of 0.4 g/L, fixed salinity of 10 PSU, and 4 aforementioned guar 
concentrations, resulting in a total of 16 clay-guar flocs groups being analyzed.  
Continuously monitoring of the floc size distribution inside the Cilas system helped ensure the 
establishment of an equilibrium for floc formation and breakdown (usually 10-15 minutes). Once the 
particle size distribution of the mixture suspension reached an equilibrated state, floc samples were then 
collected into a 500 ml beaker. 
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7.2.3 Floc Compression Testing 
The collected flocs suspensions were firstly subject to free settling in the beaker for about 30 
minutes to separate the large flocs (which settles quickly) from the suspension. Big floc samples were 
then collected and transferred from the beaker bottom to a clean plastic dish, which was then filled half 
full with the clear solution collected from the top layer of the suspension. The major concern of this step 
was to further separate the individual micro sized flocs away from each other, such that a pipette could 
be adopted to pick up individual flocs and mount it onto the compression testing stage top. The 
developed state-of-the-art nano UTM system was adopted to perform the compression testing, as it can 
satisfy the requirement for high resolution load and displacement measurements (Figure 5.4). 
Individual floc compression tests started with imaging to obtain the size and shape of the target 
flocs. Real time sequence images were captured at every 1s time intervals to obtain the change in the 
shape and size of the flocs. For each test, the load and displacement were recorded and analyzed 
subsequently to calculate the mechanical properties of the flocs on the basis of nano contact mechanics. 
For each clay flocs group, 18 individual flocs were examined, in order to provide a sufficient sample 
population for further statistical analysis. 
7.2.4 Statistical and Parametric Study of the Results 
Based on the contact mechanics, Hertz solution (Hertz 1882; Johnson 1987) is introduced to 
illustrate the mechanical properties of floc, i.e., Young’s modulus and yield shear stress. The formulas 
that derive the reduced modulus and yield shear strength based on the obtained load-deformation data 
are: 
 
5.12 3)1( d
D
P
E   (7.1) 
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
  (7.2) 
where P is the perpendicular load applied by the punch, D is the floc diameter, d is the floc deformation, 
ν is the floc’s Poisson’s ratio, and rc is the radius of the contact area (Figure 5.11). At this point, the 
Poisson’s ratio of the flocs is still known, so in the following discussion, the reduced modulus, E* is 
used. The relation between these two moduli is: 
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In order to statistically summarize the results from the diverse collection of floc samples, 
Weibull statistical treatment (Weibull 1939, 1951) for strength of solids is employed. The cumulative 
distribution function for the Weibull distribution is: 
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where k > 0 is the shape parameter (or Weibull modulus) and λ > 0 is the scale parameter (or nominal 
strength) of the distribution. 
To derive the two parameters, a set of the interested properties xi (i.e., reduced modulus or yield 
shear strength) is firstly sorted at an ascending order, where each xi value is indexed at an appropriate 
order, Fi, based on the number of specimens tested, N: 
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where i is the order of the property in the ascending sequence, Fi is the description of the probability of 
failure. And Pi = 1 - Fi is the survivability of flocs. 
Two parameters, i.e., λ and k are estimated reformulating the equation 6.5 as 6.6: 
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where k and b are the slope and intercept on the y-axis of the regression line between the ))
1
1
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and ixln , respectively, while λ is computed as: 
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b
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The expected mean value (i.e., characteristic value) is then estimated using the Gamma function: 
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7.3 Analysis of Results 
7.3.1 Floc Compression Curves 
For all the flocs subject to compressive loading, the evolution of the elastic-plastic contact with 
the increasing interference, or the floc compressing testing results, can be divided into three distinct 
stages that range from the fully elastic (the very beginning portion of the load-deformation curve), 
through the elastic-plastic (the middle portion of the curve with yielding or failure), to the double layer 
repulsion controlled region (the end portion of the curve where an quick load increment occurs within a 
tiny range of floc deformation). At the first stage, Hertz solution can be used to estimate the mechanical 
properties of the material theoretically, e.g., its elastic modulus and yield shear stress, which is the major 
focus of this study. At the second stage, the contact is elastic-plastic where the numerical solution is 
required to find the relationship between the load, contact area, and mean contact pressure. The finite 
element method is commonly used for the numerical solution where the contact between the sphere and 
flat is detected by special contact elements while the yielding criterion is adopted in solving the elastic-
plastic problems (e.g., Kogut and Etsion 2002). At the final stage, all the pore water trapped within the 
micro sized flocs is squeezed out so that the floc has been compressed to a flake-like, highly condensed 
structure. At this stage, the double layer repulsion caused by interactions between the clay particles takes 
into effect to be against the compressive load, resulting in the much stiffer load-deformation curve. The 
detailed study of the second and third stages is out of the scope of this study. Only the initial elastic 
stage is analyzed. 
Figure 7.1 shows four randomly selected, typical load-deformation curves and corresponding 
microscope images for the kaolinite and guar flocs. The captured floc images before and after the 
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compression testing are shown in Figure 7.2. Clearly, the introduction of guar into the kaolinite 
suspension significantly affects the kaolinite flocculation mechanisms. By introducing guar, kaolinite 
particles and flocculi inside the kaolinite-guar flocs are loosely aggregated to each other, exhibiting a 
high porous floc structure, whose tenuous structure contributes to the significant decrement in the floc 
mechanical properties.  
 
Figure 7.1. Typical curves showing the load-deformation behavior of kaolinite and guar flocs 
 
Results clearly indicate that introducing guar into the kaolinite suspension tremendously 
decrease the formed floc strength from the magnitude of tens of MPa to less than 1 kPa. As shown in 
Figure 7.2, the pure kaolinite flocs formed in 10 PSU sea water has the closely aggregated structure with 
the floc size < 200 μm. When this floc is subject to compressive loading, it behaves like the brittle 
material whose significant structure failures can be observed by identifying the cracks across the 
microstructure (Figure 7.2a). On the other hand, when the kaolinite-guar flocs is subject to compressive 
loading, its structure initially is condensed by compressing the soft guar molecules and pores, providing 
freedom for the strong clay particles to move, slide, or rotate (Figure 7.2b-d). Therefore, although 
adding guar into kaolinite suspension can increase the floc size in the mixture, it has a negative effect in 
altering the mechanical properties of the mixture. 
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Figure 7.2. Images showing the size and shape of the kaolinite and guar flocs (before and after 
compression). 
 
Figure 7.3 and Figure 7.4 show the plots and images obtained from the compression testing on 
the illite and guar flocs. Different from the kaolinite and guar flocs being formed in salt water, the illite 
cannot aggregate via clay-clay interactions in salt water to form the strong pure clay microflocs. Indeed, 
the illite primary particles and flocculi interact with guar molecules directly in the suspension to form 
the micro sized flocs. This structure difference can be easily identified by comparing the images shown 
in Figure 7.2 and Figure 7.4, which indicates that the illite and guar flocs are most likely aggregated 
from the primary particles and flocculi, while the kaolinite and guar flocs may aggregate from the 
smaller aggregates formed by pure kaolinite microflocs. It should be mentioned that although the 
mechanical properties of the pure illite flocs mechanical properties is examined, it is solely for the 
comparison purpose, owing to the fact that the high surface charges carried on the illite surface keep it 
from aggregating to form the round and large flocs in the pure clay suspension. In fact, among all the 
pure illite floc samples, most of them are plate-like whose vertical diameters are not comparable with 
the horizontal ones. Nevertheless, the mechanical properties of the illite and guar flocs is still examined 
and compared with the pure illite floc samples, after more experiments on the pure illite flocs are 
performed to produce a appropriate sample set with 18 samples being analyzed. Results indicate that the 
introduction of guar can facilitate the illite flocculation process in salt water. The presence of guar in the 
illite suspension can cause the growth in the floc size, but it can also significantly reduce the floc 
strength (i.e., from several hundred kPa to less than 1 kPa). 
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Figure 7.3. Typical curves showing the load-deformation behavior of illite and guar flocs. 
 
 
Figure 7.4. Images showing the size and shape of the illite and guar flocs (before and after compression). 
 
The load-deformation curves obtained from compressing Ca-mont and guar flocs are shown in 
Figure 7.5, with the corresponding floc images being shown in Figure 7.6. Similar to the kaolinite flocs, 
Ca-mont can aggregate to form the strong pure clay microflocs. These pure clay microflocs may 
contribute to the formation of the Ca-mont and guar flocs. The micro sized particles inside the Ca-mont 
and guar flocs can be easily identified in Figure 7.6b-d. The presence of guar in the Ca-mont suspension 
also causes the growth in floc size, which has a negative effect on the floc strength, i.e., the reduced 
modulus is decreased from ~2 MPa to less than 1 kPa. 
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Figure 7.5. Typical curves showing the load-deformation behavior of Ca-mont and guar flocs. 
 
 
Figure 7.6. Images showing the size and shape of the Ca-mont and guar flocs (before and after 
compression). 
 
Figure 7.7 and Figure 7.8 show the results of the Na-mont and guar flocs. An interesting but 
unique phenomenon is that Na-mont can form the large flocs in sea water, and guar molecules can be 
adsorbed onto the surface of these large flocs when guar concentration is relatively low (Figure 7.8b-c). 
This attachment introduces a thin EPS layer outside the Na-mont flocs, which has an impact on reducing 
the floc strength. Furthermore, the mechanical behavior of the pure Na-mont floc is similar to the brittle 
material: cracks are developed when it is subject to compressive loading. When the E/C reaches 20% 
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(Figure 7.8d), some of the guar molecules may penetrate into the pure Na-mont floc, which significantly 
increase the porosity of the floc microstructures, so as to further reduce the floc strength. 
 
Figure 7.7. Typical curves showing the load-deformation behavior of the Na-mont and guar flocs. 
 
 
Figure 7.8. Images showing the size and shape of the Na-mont and guar flocs (before and after 
compression). 
 
7.3.2 Mechanical properties of the Clay-Guar Flocs 
Figure 7.9 summarizes all the derived mechanical properties (i.e., reduced modulus and yield 
shear stress) of the floc samples. The significant effect of guar on reducing the clay floc strength can be 
identified. Among the four clay minerals, the introduction of guar causes flocculation between the clay 
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particles and EPS molecules, thus increases the floc size. On the other hand, the reduced modulus of the 
flocs is tremendously decreased from several 0.1-1 MPa to 0.1-1 kPa; whose yield shear strength also 
decreases significantly. For kaolinite, illite, and Ca-mont, adding a small amount guar can alter the floc 
strength dramatically, but the strength of the clay and guar flocs varies slightly with the E/C. For the Na-
mont and guar flocs, a gradually decrement in the floc strength is obtained with the varying E/C. For 
example, the distribution of the strength of the Na-mont and guar flocs (Figure 11d) exhibits interesting 
and unique feature: if the E/C increases from 0, 2, 10, to 20%, then the obtained E* value decreases 
from 50-150, 1-100, 0.1-1, to 0.05-0.5 kPa, while the derived τ value decreases from 2-20, 0.1-5, 0.01-
0.1, to 0.008-0.5 kPa, respectively. This suggests that the effect of guar on the Na-mont flocs in salt 
water should be different from the other three clay minerals. For kaolinite, introducing guar into the clay 
suspension immediately alter the floc structure by breaking kaolinite microflocs which affect the 
mechanical properties. While for illite and Ca-mont, as only a few micro sized flocs can be formed in 
salt water, due to the high surface charges, adding guar directly leads to flocculation between clay and 
guar molecules which results in the farily porous and weak floc structure. 
7.3.3 Statistical Analysis 
Figure 7.9 shows a summary of the mechanical properties of all the flocs in this study. However, 
the plots show large data scattering, probably due to the huge variation of the floc size. In order to 
resolve the data scattering problem, statistical analysis must be performed to better examine the effect of 
guar on the mechanical properties of the clay-EPS flocs. Previous studies have demonstrated that the 
Weibull distribution can link the statistical parameters with the flaw distributions (Jayatilaka and 
Trustrum 1977) inside the flocs. Freudenthal (1968) has shown that the Weibull distribution is obtained 
with an inverse power-law distribution of flaws, but neglecting mutual interaction in the stress fields 
surrounding each flaw. In particular, according to the Weakest Link Theory (WLT), the fracture of a 
specimen is identified with the unstable propagation of the most ‘‘critical’’ crack (the largest in a 
uniform stress field), or in other words, failure of one element of a body leads to failure of the whole 
body. One of the functions represent the extremes of initial populations (called Cauchy type 
distributions) which coincides with the two-parameter Weibull distribution by applying the  riffith’s 
equation with the Weibull modulus, k=2(r-1), where r is the flaw distribution property. In general, if the 
number of destructive flaws in the specimen increases, it will result in the decrease of the r value, which 
in turn reduces the k value. For a given set of data, the Weibull distribution provides an upper limit 
making the ‘‘safe’’ reliability analysis possible. According to Weibull statistics, the Weibull modulus k 
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is calculated, which is summarized in Figure 7.10. It indicates that the strength data obtained from floc 
compression testing can be well depicted using the Weibull statistical parameters. It also suggests that 
the Weibull modulus should be employed to describe the flaw distribution within the floc 
microstructures. 
 
 
 
  
Figure 7.9. Summary of the reduced modulus and yield shear strength for the clay and guar flocs.  
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This study further demonstrates that the mechanical properties of the laboratory-prepared clay-
EPS flocs formed in salt water also follow the Weibull’s law. For instance, the sample correlation 
coefficient (R
2
) for each clay floc group is pretty good (based on the sample population of 18 in each 
group), which indicates that the Weibull distribution hypothesis provides an appropriate way to 
statistically summarize the mechanical properties of the floc data in order to evaluate the mean values of 
the floc’s reduced modulus and yield shear strength.  
The Weibull statistical results also point out that the mechanical response of the clay and guar 
flocs to E/C varies across clay minerals. For example, for kaolinite with a very small amount layer 
charges (-0.03) (Table 3.1), the strength of the kaolinite and guar flocs are close to each other at various 
E/C but far away from the pure kaolinite flocs in sea water (Figure 7.10a). For illite with the high layer 
charges (-0.84) (Table 3.1), the strength of the illite and guar flocs is dependent on the E/C. When the 
E/C is between 2-10%, the formed illite and guar flocs have almost the same strength and flaw 
distribution. Once the E/C reaches 20%, the strength of the illite and guar flocs decreases while the 
Weibull modulus also decreases, which indicates an inappropriate flaw distribution occurs in the illite 
and guar flocs at the high E/C. For the Ca-mont and guar flocs, guar has weak influence in reducing the 
floc strength, although the high E/C leads to the poor floc structure and inappropriate flaw distribution. 
For the Na-mont and guar flocs, on the other hand, the E/C dominates the floc strength significantly, as 
in Figure 7.10d, all the individual statistical fitting lines are separated away from each other. When the 
E/C increases, the fitting line shifts towards the left, which suggests that the weak flocs be produced at 
high guar concentration. 
7.4 Discussion 
7.4.1 Effect of the E/C on the Flaw Distribution in the Floc Microstructures 
Based on the experimental data and derived mechanical results, it is essential to compare the 
Weibull modulus and mean floc strength across each clay types and each E/C, in order to better discover 
the effect of guar on the mechanical properties of the clay and guar flocs. Figure 7.11a summarizes the 
mean size of each clay and guar floc group, with the varied E/C. Figure 7.11b shows the derived mean 
reduced modulus for each group at the varying E/C (in the logarithmic scale), while Figure 7.11c is the 
mean value of the floc yield shear stress (in the logarithmic scale).  
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Figure 7.10. Weibull analysis results for clay and guar floc samples. Left: reduced modulus. Right: yield 
shear stress. 
 
For all the mixture suspensions, the introduction of guar prompts flocculation which leads to the 
formation of the large but weak flocs. For kaolinite, with the very small layer charges, the flocs used for 
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compression testing are pretty small whose mean size changes little with the varying E/C (Figure 7.11a). 
The derived Weibull modulus for the kaolinite and guar flocs also stays at a similar value (e.g., ~1.5), 
indicating that although guar can tremendously reduce the kaolinite and guar floc strength, the 
distribution of flaws in the kaolinite and guar flocs keeps the same. 
 
 
 
Figure 7.11. Effect of guar on the mechanical properties of clay-EPS flocs at varying E/C. 
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Figure 7.11 also indicates that, for the clay minerals with the negative surface charges, (i.e., illite, 
Ca-mont, and Na-mont), the mean size of the flocs to be selected for compression testing always 
increases with the E/C. On the other hand, the flaw distribution indicator k varies a lot across the diverse 
clay minerals. For illite, the k increases quickly when only 2% guar is added, but increases slightly when 
the E/C reaches 10%. However, when E/C = 20%, the k value dramatically decreases to a very small 
value. This phenomenon suggests that the strongest illite and guar flocs only appear in the low E/C 
mixtures with a mean floc size around 0.4 mm. For the Ca-mont suspension, adding a small amount of 
guar quickly increases the k value, however, if more guar is added, the k decreases slightly. A unique but 
interesting feature is present in the Na-mont and guar floc group. Introducing guar into the Na-mont 
suspensions initially reduces the Weibull modulus. When more guar is added, the k increases nearly 
propotionally with the E/C. This phenomenon could be interpreted by the steadily penetration of the 
guar molecules into the pure Na-mont floc structures, which gradually changes the strength of the 
formed flocs (Figure 7.8). 
7.4.2 Clay-Guar Interaction in Sea Water 
Sea water contains high concentrations of dissolved ions, including Na
+
, K
+
, Mg
2+
, Ca
2+
, Sr
+
, Cl
-
, 
SO4
2-
, TCO
2-
, and TB, etc. At the same time, under the salty environment, the high pH value (8.35) 
(Table 6.1) also suggests that the sea water should be alkaline solution, in which the edges of clay 
particles possess negative charges. This can significantly affect both the clay flocculation process and 
stability of the formed flocs in the aqueous environments, since no edge-to-face connection can occur 
due to the electrostatic repulsion. However, the presence of the charged cations and anions in the 
estuarine environment can remarkably affect surface chemistry of clay particles, i.e., the reduction in the 
double layer thickness on clay surfaces due to the increasing ionic strength in the solution (both in 
number of dissolved ions and the charges carried on them). 
On the other hand, adding guar into the clay suspension will increase the system entropy, which 
results in the formation of the clay-EPS flocs (Theng 1982). There is no repulsive force between the clay 
surfaces and guar molecules. Instead, the attraction resulting from van der Waals forces and H bonds 
(i.e., formed between the -OH functional groups of guar and the silanol and aluminol groups on clay 
surfaces) takes place (White 2006). Therefore, all four clay minerals can interact with the neutral guar to 
form bigger flocs. In this case, guar acts as a bridging agent connecting primary particles and flocculi to 
aggregate. However, this kind of bridging links is extremely weak, owing to the soft properties of 
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exopolymer molecules and the porous floc structure that it tends to form. Consequently, the complex 
interaction between the clay particles and guar results in the tremendous decrement in the floc 
mechanical properties. 
The reduced double layer thickness caused by the dissolved ions in sea water further facilitates 
the adsorption of the guar molecules onto clay surface, which leads to a loosely aggregated floc structure 
due to the extended length of guar molecules. As such, the clay and guar flocs formed in sea water show 
the much weaker mechanical response subject to compressive loading, when compared with the pure 
clay flocs in sea water. 
7.4.3 Optimal E/C 
Based on the experimental data and the derived mechanical results, it is important to seek for the 
optimal E/C that can yield the large and strong clay-guar flocs. As the size of the clay and guar flocs 
always increases with the E/C, the criteria in finding the optimal E/C should emphasize on the 
mechanical responses of the flocs subject to the E/C changes. As such, for the aqueous system where all 
four clay minerals are present, E/C = 10% may be the optimal E/C ratio that can produce the strongest 
flocs with the approximated sizes (~ 0.5 mm). This value is fundamental to sediment transport in the 
natural environments, as it provides the best E/C estimation to remove the suspended small clay 
minerals within the water column, or remove the EPS from the water environment.  
7.5 Conclusions 
A systematic laboratory study is conducted to investigate the exopolymer effect on the 
mechanical properties of the suspended cohesive sediments. The model system consists of four clay 
minerals abundant in natural waters, kaolinite, illite, Ca-mont, and Na-mont, with respect to a single 
salinity level, 10 PSU, and four E/C weight ratios, 0, 2, 10, and 20%, respectively. The floc’s 
mechanical properties (i.e., reduced modulus and yield shear stress) are obtained using a creatively 
designed, state-of-the-art nano-UTM system on the basis of contact mechanics. Weibull statistics is 
employed to analyze the derived data in order to investigate the effect of the E/C on the mechanical 
properties of the clay-EPS flocs. Results of the aforementioned laboratory study reveal the complex 
dynamic nature and mechanical properties of the suspended cohesive sediments in the estuarine 
environment.  
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The mechanical properties of the cohesive sediments and floc microstructures are determined to 
be affected by both the salinity and exopolymer concentrations in the aqueous environment. In general, 
adding guar into the clay suspensions dramatically decrease the floc strength, by modifying the flaw 
distribution and internal bonds (i.e., types and numbers) inside the floc. Also, varying the E/C can lead 
to complex dynamic changes in the mechanical properties of the clay-guar flocs. 
The introduction of Weibull statistics provides a suitable way to interpret the actual mechanical 
data. The relatively small Weibull modulus values from the experimental results indicate that the clay 
and guar floc structure contains significant weak clusters inside, while the distribution of those flaws 
exhibits complex and dynamic changes when the E/C varies. 
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CHAPTER 8. SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 
The research work performed in the dissertation is summarized as follows. In addition, the 
conclusions made in the research work together with the significance and potential impact of the major 
outcomes for sediment transport modeling are outlined. 
8.1 Summary  
A set of systematic laboratory experiments is designed and implemented in this research to 
explore the effect of clay mineral types, EPS polarity, EPS to clay weight ratio, and salinity on the 
particle size distribution and the floc’s strength. It provides a deep understanding of the flocculation 
kinetics and mechanics of clay-EPS flocs in natural water environments, by mixing each individual clay 
mineral with varied EPS species, under different E/C and salinities. The major work of this dissertation 
focuses on the following two parts: 
Firstly, the size kinetics of the clay-exopolymer flocs affected by EPS and hydrodynamic forcing 
are discussed in Chapter 3 and 4, respectively. The multimodality of the particle size distribution in the 
clay-EPS mixture suspensions represents a major outcome. Secondly, the mechanical properties of the 
clay-exopolymer flocs affected by EPS and salinity are discussed in Chapter 5, 6, and 7. Out of all the 
conclusions, the patent “environment cell”, the contact mechanics for data reduction, and the Weibull 
statistics for statistical analysis are all the novel outcomes. The creatively designed environment cell 
enables testing of compression in aqueous systems using a nano UTM from Agilent Technologies. By 
virtual of this effort, the mechanical properties of the tiny sized, very soft materials are investigated.  
8.2 Conclusions 
The following conclusions and comments are drawn from the dissertation work: 
 The Clay-EPS mixture suspensions show the multimodal distribution, which has four major size 
groups, named primary particles (0.25-10 μm), flocculi (10-30 μm), microflocs (30-200 μm), and 
macroflocs (>200 μm). The medium size of the particles (i.e., d50) cannot provide an accurate 
and definitive description of the sediment PSD kinetics.  
 The four structured size groups have different responses to the polarity of the EPS, the E/C 
changes and the flow shear stress presented in the aquatic environments. Primary particles and 
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flocculi are considered to be relatively strong and non-breakage, while the microflocs and 
macroflocs are considered to be weak and breakdown easily.  
 The mechanical properties of the pure clay flocs are affected by the water salinity, due to the 
change of the ionic strength in the aquatic environment. 
 The mechanical properties of the clay flocs are also highly dependent on whether the EPS is 
present or not. The introduction of EPS leads to the formation of loosely aggregated flocs, which 
significantly alters the flaw distribution in the flocs and changes the types of bonds formed inside 
the flocs, which subsequently reduces the floc strength. 
8.3 Recommendations and Future Perspectives 
For the future research directions, it is recommended and suggested that: 
 For modeling the cohesive sediment transport, the discrete particle size group must be 
incorporated into the sediment population algorithms. 
 For modeling the cohesive sediment transport, the effect of sediment composition and 
exopolymer species should not be underestimated. 
 Numerical studies on the floc’s physical properties need to be carried out to simulate the elastic-
plastic deformation portion in the load on floc versus floc deformation curve, to present an 
overall understanding of the mechanical properties of flocs subject to compressive loading. 
 More experimental work should be conducted on characterizing the mechanical properties and 
compositions of the natural marine flocs, such that statistical analysis can be performed to 
compare the elastic properties between the natural formed flocs and the laboratory prepared ones. 
By accomplishing this, the relationship between these two flocs can be indicated. This is of great 
importance for studying the physics of the suspended cohesive sediment flocs in natural marine 
environments. 
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